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1 Introduction

The loss of teeth up to total edentulism is a remarkable and globally existent issue
[56, 102]. Correspondingly, in Germany adults (35- to 44-year-olds) show 2,1
missing teeth on average [112], while young olds (65- to 74-year-olds) have lost
a mean of 11,1 teeth [85] and old olds (75- to 100-year-olds) are even devoid of
averagely 17,8 teeth [86] pursuant to the Fifth German Oral Health Study. Fur-
thermore, 12,4 % of the German young olds (65- to 74-year-olds) are completely
edentulous whereas even 32,8 % of the German old olds (75- to 100-year-olds)
lost their entire dentition [85, 86]. Etiologically, tooth loss can be attributed to car-
ies-related decay, severe periodontitis, traumatic influences as well as, albeit less
common, genetic impacts such as amelogenesis imperfecta [56]. Affected pa-
tients frequently and, in case of extensive tooth loss, notably suffer from limita-
tions concerning mastication and phonetics as well as constricted aesthetics and
psycho-social discomfort [3, 41, 102, 107, 113].

Missing teeth can therapeutically be restored by means of a prosthetic restoration
[41, 56, 112]. Depending on, amongst others, the quantity of missing teeth, the
dimension and the distribution of tooth gaps as well as the condition of the max-
illary and the oral soft tissue, fixed prostheses, such as bridges, or removable
dentures are oftentimes employed for treatment [56]. However, these options not
only necessitate the preparation of adjacent teeth but also can elicit their succes-
sional damage up to further tooth loss [38, 56]. Moreover, due to high functional
and aesthetical claims, removable dentures have become less requested by pa-
tients and the treatment of anterior tooth gaps is, especially in regard to aesthet-
ics, challenging [38, 56].

On this account, dental implants have evolved into a major alternative within the
rehabilitation of tooth loss [25, 38, 41, 56, 85, 110, 112]. Accordingly, an esti-
mated number of 12 million osseointegrated oral implants per annum are inserted
throughout the world [8]. Dental implants allow for a reliable and successful ther-
apeutic option as they offer high survival rates as well as longevity besides their
functional and aesthetic benefits [3, 6, 25, 42, 56, 110, 133]. Yet, malfunction can



occur [65, 78, 110] and successive implant failures are classified as biological,
mechanical, iatrogenic or functional [42]. Biologically conditioned issues are fur-
ther subdivided into early (time span between placement and prosthetic restora-
tion) or late (subsequent to prosthetic restoration) implant failures [42, 133], clin-
ically result in either a fibrous encapsulation or a peri-implant bone loss [8, 37,
42] and rely on an aggravated immune reaction [6-8, 16, 123]. By reason of the
considerable quantity of placed dental implants, progressive marginal bone loss
constitutes a rising problem, therefore requiring consistent solution approaches
[123].

1.1 Biomaterials as dental implants for tooth replacement

A biomaterial, as defined by David F. Williams, is [...] a substance that has been
engineered to take a form which [...] is used to direct, by control of interactions
with components of living systems, the course of any therapeutic or diagnostic
procedure [...]' [137]. In the stricter sense, leaving out novel technologies, such
as tissue engineering or drug and gene delivering systems, a biomaterial com-
prises a material that interacts with a biological system thereby assessing, en-
hancing or even substituting a physiologic function a diseased or damaged tissue
or organ can no longer perform [14, 137, 138, 145]. In order to allow for long-term
functional coexistence of the inserted biomaterial and its encircling tissue, the
former material has to be biocompatible [135, 136]. Regarding long-term implant-
able biomaterials in turn, biocompatibility is specified as ‘the ability of [the bio-
material] to perform its intended function, with the desired degree of incorporation
in the host, without eliciting any undesirable local or systemic effects [...] [136].
Although biomaterials have been advanced, their long-term in vivo functionality
and survival are still predominantly dependent on the host’s immune reaction to
the biomaterial [71, 79].

1.1.1 Dental implants
A dental implant is a biomaterial correspondent to an artificial tooth root that is
surgically inserted into the maxillary and prosthetically fitted to compensate for



tooth loss [38, 41, 56, 135]. Either a single tooth or multiple teeth up to the com-
plete dentition can be replaced by oral implants, as they support restorations such
as crowns, bridges and partial or full dentures [38, 56, 133]. Regarding the set-
up (Figure (Fig.) 1), a dental implant with a prosthetic fitting consists of the implant
fixture, that is incorporated into the bone, an abutment passing through the oral
mucosa and connecting the fixture and the prosthetic restoration as well as the
prosthetic restoration [21, 38, 56, 133]. The fixture itself is of tapered or parallel-
walled screw-type shape, whereas cylindrically shaped implants with a smooth
surface offering a facile insertion are declined due to an insufficient primary sta-
bility [38, 133]. Furthermore, one-piece implants with an inseparable connection
between fixture and abutment are discriminated from two-piece implants, that
consist of unconnected sections which are screwed together and can be placed
in a two-stage technique enabling a submerged and unloaded healing of the fix-
ture [133, 135]. The prosthetic superstructure on the contrary as an individual

section is either screwed or cemented to the abutment [38, 133].
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Figure 1: Schematic set-up of a dental implant modified according to [133]. A A dental implant
commonly consists of the implant fixture, an abutment and a prosthetic fitting. B The implant
fixture is of either a cylindrical or a parallel-walled or tapered screw-type shape. C A one-piece
implant is characterized by an inseparable connection of fixture and abutment, whereas in a two-
piece implant fixture and abutment are screwed together.




An inserted oral implant is both conjunct to the maxillary and encircled by oral
soft tissue [5, 133]. The interface between the implant fixture and the bone can
either be established by connective tissue or can be directly osseous (Fig. 2) [5,
8, 37, 133, 135]: A connection set up of connective tissue, nowadays rarely oc-
current if adequate dental implants are meticulously inserted, results from a fi-
brous encapsulation and is considered to be an early implant failure due to its
constricted anchorage and its doubtful clinical long-term results [3, 5, 8, 42, 70,
133, 135]. In contrast, an intimate interface of the implant and its surrounding
bone, referred to as osseointegration (Chapter (Chap.) 1.1.3), allows for a strong
incorporation, an optimal function as well as reliable longevity and is therefore
strived for [3, 5, 7, 42, 70, 133, 135].
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Figure 2: Different types of interfaces between the implant fixture and its surrounding
bone modified according to [5, 135]. A The connection to the fixture is directly osseous corre-
sponding to a successful osseointegration. B A sheath of connective tissue is interposed between
the fixture and the bone corresponding to fibrous encapsulation.

The implant’s connection to its surrounding oral soft tissue is located at the coro-
nal portion of the fixture or at the abutment [133]. Alike the physiologic contact
between a natural tooth and the oral soft tissue, this interface is constituted of
connective tissue and a hemi-desmosomal attachment of the mucosa [5, 133]. If
in a good order, the soft tissue provides for a sealing of the maxillary, impeding
the penetration of microbes and therefore facilitating the success of an implant
[3, 5, 133].




1.1.2 Biomaterials used as dental implants

Concerning the selection of biomaterials employed for the fabrication of oral im-
plants both the bulk material relevantly determining the mechanical characteris-
tics as well as the surface properties affecting the establishment and retention of
osseointegration in the first instance have to be considered [14, 39, 65, 70, 110].
Due to the beneficial chemical and physical characteristics, dental implants are
predominantly composed of either commercially pure titanium or its titanium-6
alumium-4 vanadium alloy (Ti6Al4V), furthermore the usage of zirconium dioxide
is on the increase [14, 38, 39, 41, 70, 110, 111, 135]. Thereby, titanium and its
alloy are hallmarked by favorable mechanical characteristics, pronounced re-
sistance to corrosion as well as the establishment of osseointegration [5, 39, 135].
Immediate oxidation processes at the titanium surface resulting in a thin and en-
during oxide layer consisting of titanium oxides, such as titanium oxide (TiO),
titanium dioxide (TiOz2) or titanium(lll) oxide (Ti203), is underlying [5, 142]. Re-
garding the surface properties, titanium implants originally were machined with-
out any further modification resulting in a smooth surface with parallel grooves at
micron scale [9, 25, 39, 41, 110, 142]. As physical and chemical surface charac-
teristics, however, may expedite healing and enhance osseointegration (Chap.
1.3.2), several modifications have been introduced [6, 9, 14, 39, 41, 70, 104, 110,
142]. Both subtractive surface conditioning, like blasting or acid-etching, and ad-
ditive surface conditioning, such as spraying and electrochemical anodization,
are implemented and may furthermore be combined [14, 39, 65, 70, 104, 110].
Converted to the clinical application, as to subtractive treatment, dental implants
bearing sandblasted and acid-etched titanium surfaces, amongst others so-called
sandblasted with large grits and acid-etched (SLA) titanium, allow for enhanced
osseointegration along with high implant survival [14, 25, 110, 142]. Likewise,
additively treated implant surfaces by means of anodic oxidation, exhibiting an
augmented titanium dioxide layer, for instance of the so-called titanium anatase
allotropic form, promote osseointegration while showing high implant survival
rates [110, 111].



1.1.3 Osseointegration of dental implants

Osseointegration, a type anchorage of an implant within its surrounding bone,
was first discovered in 1962 and subsequently termed in 1977 each by Per-Ingvar
Branemark [4, 5, 7, 8]. Originally, the latter phenomenon was defined as an im-
mediate contact between foreign material and living bone without any interposi-
tion of soft tissue as light microscopically apparent [3, 5, 7]. Along with an increas-
ing insight in healing processes and immunology the understanding of osseoin-
tegration refined to being an immunological response termed foreign body reac-
tion (FBR, Chap. 1.3.1) that enables a biological shield of the implant by means of
interfacial bone [4, 7, 8, 37]. The establishment and retention of an osseointegra-
tion requires the compliance with specific prerequisites concerning the implant
design, the implant material and its finish as well as the status of the maxillary,
surgical techniques and the implant loading conditions (Fig. 3) [5, 8, 21, 38, 133].

A implant material B implant design C implant finish
biocompatibility tapered or parallel-walled smooth, machined implant finish
mechanical strength screw-type (threaded) or cylindrically roughened implant surface:
shape additive — e.g. spraying, electrochemical
corrosion resistance anodization
substractive — e.g. blasting or acid-
etching
Osseointegration
F implant loading conditions E surgical technique D status of the bone
immediate implant loading: loading adequate implant system classification Lekholm and Zarb 1985
earlier than 1 week after insertion type |: almost entire bone composed of]
homogenous compact bone
adequate protocol ) )
early implant loading: loading 1 week up type Il: a thick layer of cortical bone
to 2 months after insertion ] surrounds a core of dense trabecular bone
atraumatic surgery type Ill: a thin layer of cortical bone surrounds

. . . . a core of dense trabecular bone
conventional implant loading: loading

after more than 2 months after insertion | |control of heat generation yEe W8 @ Gl Gy oF il Eam

surrounding a core of low-density trabecular|
bone

Figure 3: Prerequisites for establishment and retention of osseointegration. Osseointegra-
tion is influenced on part of the implant by its bulk material, the implant design as well as the
finish, on part of the patient by the status of the bone and on part of the therapy by the surgical
technique as well as the prosthetic implant loading [5, 8, 21, 38, 133]. A Regarding the implant
material, the usage of a tissue-tolerant and corrosion-resistant biomaterial is inevitable concern-
ing biocompatibility, furthermore mechanical strength should be concerted to the assumable load
[5, 133]. B A threaded implant design enhances the primary stability by means of reduced implant
movement and thus fosters osseointegration [5, 133]. C Eventually, the implant finish again af-
fects the biocompatibility as well as possibly the surface area of the inserted implant [5, 133]. D




As to the status of bone, failure rate increases with implants inserted into both bone of reduced
quality and the maxilla [3, 133]. E On the part of the surgical technique, a meticulous and atrau-
matic procedure strictly obviating heat generation using an adequate implant system and a pro-
tocol adapted to the individual patient is to be respected [3, 21, 133]. F For implant loading con-
ditions, early loading is reasonable for optimum clinical conditions, whereas conventional implant
loading should be followed in case of impeded clinical situations [133].

1.1.4 Peri-implant bone loss

A minor peri-implant bone loss is regularly observed in particular during the first
year after a dental implant was placed and is attributed to an adaptation in the
context of healing and occlusal loading [3, 6, 8, 93, 95]. Yet, concomitant with a
high number of oral implants being inserted, progressive crestal bone loss con-
stitutes a rising problem confining an implant’s function as far as its failure [8, 95,
123]. Originally, marginal bone loss was ascribed a pathomechanism on the lines
of periodontitis, therefore classifying the former condition as a biofilm-mediated
infectious disease [4, 7, 8], and appropriately named ‘peri-implantitis’ [8, 95].
However, nowadays peri-implant bone loss is considered to result from an aggra-
vated FBR with macrophages (M®) predominantly being involved for the most
part (Chap. 1.3.1) [6-8, 16, 123], notably emerging if the abovementioned prereqg-
uisites (Chap. 1.1.3) are not met [5, 6, 8, 95] or in case of medically compromised
or smoking patients [6, 8]. Thus, marginal bone loss constitutes an immunologi-
cally provoked clinical complication related to the therapy instead of a disease,
although downstream an exacerbation due to microbial infection is possible [4, 8,
123]. Crestal bone loss does not necessarily result in an implant failure but can
instead be brought to a stop, if with a reduced osseous connection, once its
source, for instance remnants of cement particles or occlusal overload, is elimi-
nated [6, 8].

1.2 Macrophages

The human immune system allows for the defense against invading and internal
threats [36, 73, 90]. It comprises soluble molecules as well as cells and is sub-
classified into an innate and an acquired section [36, 73, 90]. The innate immune
system on the one hand serves as an initial and unspecific defense and reacts



with consistent immune responses independent of the underlying threat and the
quantity of previous encounters [36, 73, 90]. Molecules, like cytokines and acute
phase proteins, enzymes, such as the complement system and lactoferrin, as
well as cells, encompassing M® and neutrophils as phagocytic cells, basophils
and eosinophils as secreting cells and natural killer cells, set up the innate im-
munity [36, 73, 90]. The acquired immune system on the other hand follows to
the innate immune response and is highly specific to the threat, yet refining its
specificity with every encounter [36, 73, 90]. Analogously, it is composed of mol-
ecules, such as antibodies, and cells, like B-cells for the humoral immunity and
T-cells for the cellular immunity [36, 73, 90]. Both components, the innate and the
acquired immune system are connected through messenger molecules and cells,
in which M® play a key role through phagocytosis and antigen presentation as
well as secretion of messenger molecules [36, 53, 62, 73, 90, 94, 144].

M® were first characterized by Elie Metchnikoff in 1882 [27, 40, 53, 114, 120].
Within the human organism, these cells constitute a heterogenous population
with different subsets being in charge of, amongst others, immune defense,
wound healing as well as tissue homeostasis [20, 40, 52-54, 62, 80, 108, 109,
119].

1.2.1 Origin of macrophages

Human M® ontologically originate from 2 different sources (Fig. 4): The first subset
is derived from erythromyeloid precursors located in the yolk sac and the fetal
liver and is allotted throughout most tissues during embryogenesis [40, 53, 57].
These cells remain resident in a long time, constituting a self-regulating and re-
generating subset controlling the local trophic by means of phagocytosis [40, 53,
57]. The second subset on the other hand postnatally evolves from hematopoietic
stem cells through several stadia of differentiation involving monoblasts, promon-
ocytes and monocytes [40, 53, 54, 57, 80]. The monocytes themselves circulate
within the blood until they migrate to their destination and differentiate into MO,
so-called monocyte-derived M® (MdM), under the influence of local growth fac-

tors, cytokines as well as pathogens [53, 80, 108]. This subset complements the



former, embryonically derived one, particularly in tissues featuring a high turnover
of M®, such as physiologically the gastrointestinal tract or pathologically inflamed
or damaged tissues [53, 57, 108].
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Figure 4: Origin of M® modified according to [63, 80]. Throughout development, M® originate
from erythromyeloid precursor cells within the yolk sac and the fetal liver resulting in long-lived
tissue-resident M®. Postnatally, M® evolve from the hematopoietic stem cells so as to comple-
ment the embryonically derived M®. FBGC = foreign body giant cell; GM-CSF = granulocyte
macrophage colony stimulating factor; IL = interleukin; M® = macrophage.

1.2.2 Polarization of macrophages

M® adapt their function as well as their phenotype dependent upon the local mi-
cro-environment within the tissue they reside, a phenomenon referred to as po-
larization (Fig. 5) [53, 55, 62, 81, 94, 108, 109, 119, 130]. Resident M® as well as
migrating MdM can be polarized by a multitude of stimuli, for instance growth
factors, cytokines, glucocorticoids as well as pathogens or their associated mol-
ecules [20, 81, 108]. M® polarization is generally subclassified into 2 main groups
distinguishing M1-polarization, also termed classical activation, from M2-polari-
zation, or alternative activation, respectively [18, 20, 45, 53, 61, 62, 80, 94, 108,
130]. On the basis of type 1 T helper-cells (Th1 cells) and their related spectrum




of cytokine secretion, M1-polarized M® are named M1-M®, as they originate par-
ticularly based on interferon (IFN) y and tumor necrosis factor (TNF) a [53, 59,
72, 76, 108, 109]. Analogously, the influence of interleukin (IL) 4 and IL13, both
cytokines specific to type 2 T helper-cells (Tn2 cells), effects the emergence of
M2-M® [53, 59, 76, 108, 109]. There is, however, no unmitigated dichotomy of
M1- and M2-polarization [53, 72, 76, 94, 108]. Rather, polarization should be re-
garded as a spectrum and especially the M2-polarization exhibits marked heter-
ogeneity, taken into consideration by further subdivision into M2a-, M2b-, M2c-
and M2d-polarization [72, 74, 76, 81, 94, 103, 108, 130]. Besides, a polarized
state is not fixed, but M® are highly plastic instead, adjusting to their present
micro-environment [72, 80, 94, 108, 109, 119].
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Figure 5: Polarization of M® modified according to [81, 108, 141]. Depending on tissue-specific
micro-environment, immunologic milieu and phenotypic influences, M® can polarize into an MO-
, M1- and M2-phenotype. Due to the distinct plasticity of the latter cells, polarization is versatile.
CCL = chemokine C-C motif ligand; CXCL = chemokine C-X-C motif ligand; IFN = interferon; IL
= interleukin; LPS = lipopolysaccharide; NO = nitric oxide; ROS = reactive oxygen species; TGF
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= transforming growth factor; TNF = tumor necrosis factor; VEGF = vascular endothelial growth
factor.

Concerning function and phenotype, M1-M® exhibit pro-inflammatory character-
istics and commonly and show a round phenotype expressing markers, such as
major histocompatibility complex (MHC) Il or cluster of differentiation (CD) 80,
CD86 and chemokine C-C motif receptor (CCR) 7 [20, 62, 75, 91, 100, 109]. In
contrast, M2-M® have anti-inflammatory features and bear an elongated pheno-
type with expression of markers like CD1A, CD163, CD206 and CD209 [20, 62,
75,91, 100, 109].

1.2.3 Function of macrophages

Corresponding to their polarization, M® execute a multiplicity of heterogenous
and fractionally contrastive functions [20, 53, 62, 108, 114]. Accordingly, pro-in-
flammatory M1-M® are present within inflamed, infected or damaged tissue to
engulf intruding pathogens, foreign bodies as well as debris [20, 62, 94, 108, 114,
130]. Thus, spreading of a pathological process is restricted and the affected tis-
sue is prepared for subsequent wound healing [94, 108]. Following to the phag-
ocytosis, M® present sections of the engulfed particles to lymphocytes using
MHCII and associated surface markers, such as CD80 and CD86 [72, 108]. More-
over, inflammatory messenger molecules, amongst others TNFa, IL1, ILG, IL12,
IL23, as well as reactive oxygen species (ROS) and reactive nitrogen species
(RNS) are secreted to draw further immune cells and to destruct remaining path-
ogens [45, 72, 108, 114]. Anti-inflammatory M2-M® on the other hand succeed
the M1-M® and guard the tissue from prolonged and extensive inflammation [20,
94, 108, 114, 130]. Their secreted cytokines, for instance IL10 and transforming
growth factor (TGF) B, limit the pro-inflammatory effect of the aforementioned
messenger molecules as well as of the activated immune cells [108, 114]. By
means of phagocytosis, M2-M® remove debris and furthermore, release of
growth factors and enzymes effectuates angiogenesis and sprouting of cells, all
of which fosters wound healing [20, 62, 108, 114]. Eventually, tissue-resident M®
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are accountable for constant phagocytosis eliminating aged, excessive and de-
teriorated cells, thus enabling accurate tissue formation and homeostasis [80,
114].

Besides their physiological functions, M® are involved in the genesis and pro-
gression of diseases, such as autoimmune disorders, arteriosclerosis and malig-
nant neoplasia [20, 45, 53, 64, 81, 91, 108, 109, 130]. Furthermore, exuberant
pro- as well as anti-inflammatory M® responses can cause pathological conse-
quences [53, 80]. Accordingly, prolonged pro-inflammatory influences might lead
to local tissue damage up to generalized sepsis and, in case of an implant, result
in destruction of the involved biomaterial [44, 91, 108, 145]. On the other hand,
continuous anti-inflammatory stimuli impede wound healing and forward the
emergence of fibrosis, as existent in fibrous encapsulation of implants [20, 80,
108, 130].

1.3 Immunomodulatory effects of biomaterials

Implanted biomaterials unpreventably affect the immune system causing an in-
flammatory response termed FBR [8, 11, 32, 37, 44, 123, 145]. With regard to
dental implants, the FBR on the one hand can result in the strived osseointegra-
tion or on the other hand, if aggravated or prolonged, can cause severe damage
to the implant and its surrounding tissue resulting in up to early or late implant
failure [8, 123]. As different characteristics of the biomaterial used can have mod-
ulatory effects on the FBR, influencing the healing and the functional retention of
an oral implant by means of immunomodulation is aimed at [44, 123, 145].

1.3.1 Foreign body reaction and foreign body reaction equilibrium

As defined by David F. Williams, an FBR comprises the ‘overall response of a
host to the presence of a foreign body’ [123, 138]. The latter reaction is consid-
ered to be an unspecific and downwelling, chronic immune reaction aiming at
withdrawal, degradation or shielding of the biomaterial [8, 32, 37, 97, 123, 145].
Thereby, shielding is up to the establishment of an equilibrium of the FBR, termed
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foreign body reaction equilibrium (FBE) [37, 123]. With regard to bone, this FBE
results in osseointegration (Chap. 1.1.3), whereas within soft tissue, a minor fibrous
encapsulation without evidence of a marked inflammation ensues [8, 37]. How-
ever, if an FBE is not attained, the ongoing FBR causes damage to the implanted
biomaterial as well as the loss of osseointegration or the formation of a fibrous
encapsulation within bone and an aggravated fibrous encapsulation as to soft
tissue [8, 37, 44, 145]. An established FBE can be disturbed, restarting the FBR,
which either leads to another, yet possibly reduced, equilibrium or results in the
damage of the biomaterial and its surrounding tissue [8, 123]. The extent as well
as the endurance of an FBR hinge on, amongst others, the surgically caused
trauma associated to the implantation, the characteristics of the receiving tissue
and the biomaterial used [10-12, 44, 145]. In case of absorbable biomaterials,
resulting products of decomposition and concomitant changes of the bio-
material’s surface properties may additionally modulate the prevailing FBR or
even provoke an independent response [1, 44].

An FBR originates from the surgically provoked trauma going along with the im-
plantation and effectuating contact between the foreign body as well as the host’s
tissue and blood [8, 10-12, 44, 71, 145]. Upon exposure, interstitial and blood
proteins, such as fibronectin, vitronectin, albumin, immunoglobulins (Ig), coagu-
lation and complement factors immediately adsorb to the biomaterial surface [1,
12, 22, 32, 44, 51, 63, 118, 131, 142, 145]. These proteins opsonize the foreign
body and furthermore effect the onset of the coagulation as well as the comple-
ment cascade [10, 11, 44, 145]. Subsequently, not only platelets adhere and are
activated, but also immune cells migrate due to chemotaxis and bind to the pro-
teins [10-12, 32, 44, 51, 145]. Diverse biomaterial surface characteristics influ-
ence the type and composition as well as conformational changes of the proteins,
thereby modulating the FBR downstream [12, 22, 145]. The adsorbed proteins
therefore may thoroughly control the course of the FBR [12, 32, 118, 145].

As to the migrating immune cells, neutrophilic granulocytes initially predominate
within the FBR [11, 12, 32, 44, 145]. These cells engulf intruded pathogens as
well as debris and secrete proteolytic enzymes and ROS as defense mechanism

[10, 44, 145]. Furthermore, the neutrophilic granulocytes release cytokines, such
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as L8, to attract further granulocytes and chemokines, like monocyte chemotac-
tic protein-1 (MCP-1) or M® inflammatory protein-1p (MIP-1p) to allure mono-
cytes and M® [1, 44, 48, 69, 140]. Due to a short life span of the granulocytes,
monocytes and M® subsequently briskly prevail at the biomaterial surface [10-
12, 44, 145]. The latter cells feature an increased endurance and, either as mere
M® or as foreign body giant cells (FBGC), reside on the implant for its entire in
vivo lifetime [11, 22, 24, 145]. The circumjacent micro-environment initially fosters
the migrated M® to polarize towards a pro-inflammatory M1-phenotype furthering
inflammation [1, 32, 44, 145]. Via secretion of cytokines, like IL1, IL6, IL8 and
TNFa, as well as the aforementioned chemokines, other monocytes and M® are
chemo-attracted [22, 44, 145]. Consequently, the antimicrobial defense as well
as the phagocytic capacity, as regards debris, accrete in preparation for wound
healing [1, 32, 44, 145]. Over time, M® polarization shifts towards the M2-phe-
notype educing regulatory as well as wound-healing M® [1, 32, 44, 145]. By
means of secreting the immunosuppressive cytokine IL10, the regulatory M2-
subtype curtail the ongoing inflammation [32, 44]. The wound-healing M® on the
other hand, elicit the activation of osteoblasts, as to bone, or fibroblasts, concern-
ing soft tissue resulting in the synthesis of extracellular matrix to substitute for the
marred tissue and to shield the foreign body [44, 145]. Furthermore, M® residing
on the implanted biomaterial fuse forming FBGC mediated through the cytokines
IL4 and IL13 [10, 24, 44, 145]. If at this point anti-inflammatory influences as well
as wound healing markedly exceed the pro-inflammatory immune activation be-
ing equivalent to an FBE, osseointegration as to the bone or a minor fibrous en-
capsulation without further active inflammation with regard to the soft tissue result
[8, 10, 12, 37, 44, 123, 145]. Conversely, in case of sustained immune activation
correspondent to a lasting FBR, intensified M® fusion occurs [1, 44, 123, 145].
Following, these FBGC can release proteolytic enzymes and ROS to an increas-
ing degree making for an exacting degradative capacity [12, 23, 31, 44]. Other-
wise, fused M® may also secrete growth factors, such as TGFf, vascular endo-
thelial growth factor (VEGF) or platelet derived growth factor (PDGF) fostering
extensive fibrosis of the implanted biomaterial [1, 12, 31, 44, 145]. Fig. 6 summa-
rizes the sequences of an FBR.
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Figure 6: Foreign body reaction modified according to [145]. A Immediately after implant inser-
tion interstitial and blood proteins adsorb to the biomaterial surface and effect the onset of the
coagulation and complement cascade [12, 44, 145]. B Subsequently, immune cells, particularly
neutrophils, monocytes and M®, migrate due to chemotaxis and bind to the adsorbed proteins
[10-12, 44, 145]. These cells engulf intruded pathogens as well as debris and secrete enzymes
as well as ROS as defense mechanism [10, 44, 145]. Due to a short life span of neutrophils,
monocytes and M® briskly prevail at the biomaterial surface and polarize to a pro-inflammatory
M1-phenotype [10-12, 44, 145]. Via secretion of cytokines, like IL1, IL6, IL8 and TNF « other mon-
ocytes and M® are attracted and invaded pathogens as well as debris is phagocytosed to prepare
for wound healing [44, 145]. C Over time, M® polarization shifts towards the M2-phenotype bear-
ing wound healing as well as regulatory M® [1, 32, 44, 145]. These M® secrete the anti-inflam-
matory cytokine IL10 [44]. Furthermore, M® residing on the implanted biomaterial fuse forming
FBGC mediated through the cytokines IL4 and IL13 [10, 24, 44, 145]. If at this point anti-inflam-
matory influences as well as wound healing markedly exceed the pro-inflammatory immune acti-
vation being equivalent to an FBE, osseointegration as to the bone ensues [8, 10, 12, 123]. D
Conversely, in case of sustained immune activation correspondent to a lasting FBR, intensified
M® fusion, resulting in peri-implant bone loss or fibrous encapsulation, follows [1, 12, 31, 44,
145]. FBGC = foreign body giant cell, IL = interleukin, MCP = monocyte chemotactic protein, MIP
= M® inflammatory protein, PDGF = platelet derived growth factor, TGF = transforming growth
factor, TNF = tumor necrosis factor, VEGF = vascular endothelial growth factor.
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For the purpose of avoiding the aforesaid, potentially damaging implications of
the FBR, dental implants originally were intended to be biologically and chemi-
cally inert, thus preventing a pronounced cellular and immunological response [1,
44, 136]. Owing to a growing knowledge of immunology, however, it is recognized
that an interaction between a foreign body and its surrounding cells is inevitable
[8, 44, 145] and furthermore that, if the interaction is well-directed, healing as well
as function of a dental implant can be enhanced [44, 97, 145]. Inmunomodulatory
effects of biomaterial characteristics on the FBR are therefore actively and exten-
sively investigated [1, 24, 31, 32, 44, 145].

1.3.2 Immunomodulation by means of physicochemical surface character-
istics
Physicochemical surface characteristics encompass physical properties, such as
surface topography, roughness and porosity, on the one hand and chemical at-
tributes, like wettability, electrical charge and surface chemistry, on the other
hand [1, 39]. Concerning physical characteristics, a simulation of the physiologi-
cal extracellular matrix comprising micro- and nanostructures is aimed at, as
these structures in vivo have an effect on cell adhesion, proliferation, migration
as well as gene expression [31, 44, 143, 145]. Inmunomodulatory effects on MO,
amongst others the facilitation of M2-polarization caused by groovings that in-
duce M® elongation [71, 75], have been demonstrated within respective studies
[1, 31, 71, 75, 145]. Chemical characteristics, on the contrary, affect the type as
well as the quantity and conformational changes of proteins initially adsorbing to
the biomaterial surface [22, 23, 44, 145]. As these proteins function as binding
sites for the migrating immune cells, concomitant changes in cell binding provoke
a modified cell signal transduction [22, 143, 145]. Accordingly, hydrophilic and
anionic surfaces feature anti-inflammatory effects through inhibition of monocyte
and M® binding and fusion to FBGC as well as shifting of cytokine secretion to-
wards anti-inflammatory IL10 [22-24, 44, 145]. Hydrophobic and cationic bio-
materials on the other hand foster protein binding as well as their conformational
changes and thus forward immune cell adherence and the release of pro-inflam-

matory mediators resulting in an enhanced immune reaction [22-24, 32, 38, 145].
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1.3.3 Immunomodulation by means of bioactive molecules

Furthermore, bioactive molecules for the purpose of effectuating immunomodu-
latory effects involve the exhibition of binding sites as well as the release of im-
munosuppressive molecules and growth factors [44, 145]. At this juncture, protein
binding sites are implemented as oligopeptides, either solely or along with non-
biofouling coatings, coupled to the biomaterial’s surface oftentimes consisting of
integrin molecules [44, 66, 97]. In this way, the binding of immune cells and there-
fore the course of the FBR may be regulated [44, 66, 97]. Especially in conjunc-
tion with non-biofouling biomaterial coatings, an enhancement of immunomodu-
lation can be attained, as protein adsorption is additionally affected [44, 97, 106,
127, 145]. The release of immunosuppressive molecules and growth factors, oth-
erwise, encompasses, amongst others, glucocorticoids and nitric oxide as well as
molecules like epidermal growth factor (EGF), fibroblast growth factor (FGF),
granulocyte M® colony stimulating factor (GM-CSF), TGFp, VEGF, PDGF and
bone morphologic proteins (BMP) [44, 58, 79, 87, 92, 145]. Glucocorticoids as
well as nitric oxide impede the secretion of pro-inflammatory mediators and the
migration of immune cells and thus diminish inflammation [44, 58, 79]. Particularly
with regard to glucocorticoids however, an enduring release is required as to cir-
cumvent a reversion of the immunomodulation [44, 87]. The aforementioned
growth factors in contrast, influence migration, adhesion, differentiation and pro-
liferation of cells involved in wound healing, such as keratinocytes, fibroblasts
and endothelial cells which on their part have an effect on immune cells [44].

1.3.4 Immunomodulation by means of extracellular matrix

Eventually, coating of biomaterial surfaces with an extracellular matrix strives for
the imitation of physiological conditions and thereby modulation of immune re-
sponses [44, 145]. At this juncture, artificial extracellular matrix on the one hand
features binding sites for migrating cells and on the other hand either includes
several exogenous bioactive molecules or provides binding sites for endogenous

molecules [44]. In this way, suchlike coatings are to direct, amongst others,
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migration, differentiation as well as proliferation of immune and wound healing
cells [44].

1.4 State of the art
M® are critically involved in the FBR and thus are considered to be a major start-

ing point to engross the knowledge on the FBR and to research immunomodula-
tion [44, 71, 145].

1.4.1 Origin of M® for in vitro research

Human primary M® are differentiated, thus limitedly proliferating, and tissue-res-
ident cells that cannot be obtained in sufficient quantity for in vitro studies without
disproportional impairment of their donor [13, 34, 52, 53, 67, 96, 105, 144]. Fur-
thermore, the heterogeneity of the primary cells may limit the validity and repro-
ducibility of research [29]. To investigate the involvement of M® in the FBR and
immunomodulation nonetheless, the usage of either murine M®, appropriate hu-

man cell lines or MdM constitutes an alternative solution [81, 119, 145].

Murine M® for in vitro research are either obtained as bone marrow-derived M®
(BMdM) from the red bone marrow or are isolated as differentiated and tissue-
resident cells [101]. In the former case, undifferentiated stem cells are gathered
from red bone marrow and are subsequently differentiated using growth factors,
such as GM-CSF or M® colony stimulating factor (M-CSF) [101]. Tissue-resident
M® on the other hand, are primarily extracted from peritoneum that might previ-
ously be pro-inflammatorily stimulated to augment M® quantity [101, 144]. How-
ever, differences between human and murine cells have to be taken into consid-
eration and findings cannot unrestrictedly be transferred to the in vivo situation
[61, 62, 119].

Cell lines comprise cells featuring unrestricted proliferation, if cultured [26]. Con-
cerning M®, within the in vitro research several human cell lines of varying degree
of differentiation exist (Table (Tab.) 1) [13, 29, 30, 34, 96]. Frequently, THP1 cells
are utilized owing to their similarity to primary cells concerning morphology and
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functionality as well as their ability to being polarized [13, 28-30, 96, 105, 119,
145]. These cells exhibit a consistent geno- as well as phenotype, proliferate
readily up to a high passage and are modest as to their cultivation [13, 29, 30,
105, 145]. However, due to the malignant origin of THP1 cells, gene expression
may be unphysiological and deviant expression of surface molecules compared
to primary M® is described [29, 30, 119]. Findings therefore may be biased [29,
30, 34, 96, 105, 119].

Table 1: Cell lines as to monocytes or M®

Cell line Origin Differentiation to monocytes or
Mo
ML2 Monoblastic leukemia [29] Phorbol-12-myristate-13-acetate
(PMA) [29]
Mono Mac 6 Monoblastic leukemia [29] Lipopolysaccharide (LPS) [29, 146]
Prostaglandin E2 (PGE2) [29, 146]
PMA [29, 146]
THP1 Acute monocytic leukemia [13, 29, | M-CSF [30]
30, 125] PMA [13, 30, 34, 124]
1,25-dihydroxyvitamin D3 (vD3) [13,
30, 34]
U937 Promonocytic, human myeloid leu- | Retinoic acid
kemia [30] vD3 [29]
PMA [29, 30, 47]

To circumvent the aforementioned limitations of murine M® and of human cell
lines, human primary monocytes are frequently deployed for in vitro research
[119, 144]. These cells are accessible in sufficient count and without unjustifiable
impairment of their donor, as they can be isolated from peripheral blood and con-
secutively differentiated as well as polarized in vitro [67, 68, 84].

1.4.2 Preparation of human polarized MdM in vitro

A multiplicity of protocols as to the isolation, differentiation and polarization of
human MdM is outlined in the literature [18, 55, 59, 61, 62, 67, 68, 84, 98-100,
119, 130].

Monocytes along with lymphocytes constitute the peripheral blood mononuclear
cells (PBMC), that are separated in the first instance and can be obtained either
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from whole blood or from buffy coat, consisting of leukocytes and platelets [68,
84, 99]. Isolation is attained by means of density gradient centrifugation [18, 33,
55, 59, 61, 67, 68, 84, 98-100, 119, 130, 144]. For this purpose, whole blood or
buffy coat is layered onto a substrate of specific molecular weight and adjacently
centrifuged [18, 33, 46, 61, 67, 68, 84, 98-100, 130]. On the basis of varied den-
sity, distinct layers compassing plasm, platelets and PBMC as well as red blood
cells and granulocytes are deposited (Fig. 7) [33, 46, 68, 99, 100]. Subsequent to
the removal of the overhead plasm, PBMC are accessible and can be isolated
[46, 68, 99, 100].

A 4

a N

Figure 7: Density gradient centrifugation modified according to [46, 68, 100]. A Whole blood
layered onto a substrate of specific molecular weight: whole blood (light red) and substrate
(white). B Separation of whole blood components following density gradient centrifugation: plasm
and platelets (orange), PBMC (yellow), substrate (white), granulocytes (grey) and erythrocytes
(dark red).

Regarding the separation of monocytes and lymphocytes hereinafter, either den-
sity gradient centrifugation [17, 33, 35, 50, 98], immunoselection [18, 33, 55, 59,
67, 84,100, 119, 130] or monocyte adhesion [55, 61, 84, 100, 144] are employed.
Concerning density gradient centrifugation, specific substrates are used that take
account of the slight difference in density of monocytes and lymphocytes [17, 33,
35, 50, 98] and variation in the substrate’s osmolarity is ascribed to enhance sep-
aration [98]. Regarding immunoselection, either a selective isolation of CD14+
monocytes, termed CD14+ immunoselection, or a directed removal of lympho-
cytes subject to their specific surface markers, named negative immunoselection,
is conducted [33, 59, 84, 100, 130]. Monocyte adhesion, at last, relies on the
capability of monocytes to adhere to plastic or glass surfaces, whereas lympho-

cytes remain loose and may thus be discarded [61, 84, 100].
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Subsequently, monocytes are differentiated towards MdM by means of incuba-
tion with growth factors such as GM-CSF or M-CSF for 3 to 7 days [18, 59, 61,
62, 84, 100, 119, 130].

In order to polarize the MdM, another stimulation using cytokines, lipopolysac-
charide (LPS), immune complexes as well as glucocorticoids for 24 hours up to
3 days may be undertaken [18, 55, 61, 62, 84, 100, 119, 130]. To this, the M1-
phenotype is obtained via incubation with IFNy and LPS [18, 55, 59, 61, 84, 100,
119, 130]. The M2-polarization on the other hand is, amongst others, induced by
IL4 and IL13 as to the M2a-phenotype, by immunoglobulins, IL13 and LPS as to
the M2b-phenotype and by IL10 and glucocorticoids as to the M2c-phenotype
[18, 55, 59, 61, 84, 100, 103, 119, 130]. Tab. 2 summarizes the protocols concern-

ing monocyte isolation and differentiation as well as polarization of MdM.

1.4.3 Characterization of human polarized MdM in vitro

Various features of human polarized MdM may be investigated in vitro, so as to
characterize these cells [61, 62, 119, 130]. To begin with, M® morphology is
commonly assigned to the state of polarization with M1-polarized cells being ra-
ther round whereas the M2-phenotype is considered to be fusiform and elongated
[62, 119]. Morphologic characteristics can be assessed light microscopically and
by means of confocal laser scanning microscopy (CLSM) following staining of the
cytoskeleton [62, 130]. Furthermore, M® can be classified regarding their se-
creted cytokines [61, 119]. M1-polarized M® typically secrete proinflammatory
cytokines like TNFa, IL1B or IL6, whereas the M2-phenotype involves the release
of, amongst others, IL10, TGFpB, chemokine C-C motif ligand (CCL) 13 and
CCL17 [55, 61, 62,108, 119, 130]. Enzyme-linked immunosorbent assay (ELISA)
is implemented to measure messenger molecules secreted to the cell culture su-
pernatant [55, 61, 130]. M® specifically express surface and intracellular markers
rendering it possible to discern their polarization [18, 61, 62, 119, 130]. At this
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Table 2: Protocols for preparation of human polarized MdM in vitro

Author Isolation of | Isolation of mono- | Differentiation of MdM M1-polarization M2-polarization
PBMC cytes
Beyer et al. | Density gradient | CD14* immunose- | GM-CSF 500 U/ml GM-MdM: GM-MdM:
[18] centrifugation lection (3 days) IFNy 200 U/ml (3 days) IL4 1000 U/ml (3 days)
(Pancoll)  using
buffy coat
Fujiwara et | - CD14" immunose- | GM-CSF 10 ng/ml (7 days) GM-MdM or M-MdM: GM-MdM or M-MdM:
al. [45] lection or IFNy 50 ng/ml + LPS 10 ng/ml (24 | IL4 10 ng/ml (24 hours) (M2a)
hours) or
M-CSF 50 ng/ml (7 days)
or IL1B 10 ng/ml (24 hours) (M2b)
IFNy 50 ng/ml (24 hours) 0
IL10 10 ng/ml (24 hours) (M2c)
Graff et al. | Density gradient | Monocyte adhesion | Monocyte adhesion (4 days) in | MdM: MdM:
[55] centrifugation (Fi- | (4 days) Roswell Park Memorial Institute | LPS 10 ng/ml + IFNy 20 ng/ml (up | IL4 20 ng/ml (up to 72 hours)
coll Paque PLUS) or (RPMI) 1640 + 10 % FBS to 72 hours) (M2a)
using the leuko- or
cyte fraction CD14" immunose-
lection IgG + LPS 100 ng/ml (up to 72
hours) (M2b)
or
TGFB1 0,5 ng/ml (up to 72
hours) (M2c)
Hoppstadter | Density gradient | CD14* immunose- | GM-CSF 10 ng/ml (5 days) GM-MdM: M-MdM:
et al. [59] centrifugation lection or LPS 1 pg/ml + IFNy 20 ng/ml (40 | IL10 200 ng/ml (40 Stunden)
(Pancoll)  using hours)
buffy coat M-CSF 10 ng/ml (5 days)
Igbal et al. | Density gradient | Monocyte adhesion | M-CSF 10 ng/ml (6 days) M-MdM: M-MdM:
[61] centrifugation (Fi- | (3 hours) IFNy 20 ng/ml (2 days) IL4 20 ng/ml (2 days) (M2a)

coll Paque) using
whole blood

or

LPS 1 pg/mi+ IL13 10 ng/ml (2
days) (M2b)

or
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IL10 10 ng/ml (2 days) (M2c)

Jaguin et al. | Density gradient | Monocyte adhesion | GM-CSF 400 1U/ml (6 days) GM-MdM or M-MdM: M-MdM:
[62] centrifugation (Fi- | (2 hours) [126] or LPS 100 ng/ml + IFNy 20 ng/ml | M-CSF 10 ng/ml + I1L4 20 ng/ml
coll) using buffy (24 hours) (24 hours)
coat [126] M-CSF 50 ng/ml (6 days)
Kelly [67] Density gradient | CD14* immunose- | GM-CSF 50 ng/ml (6 days) GM-MdM: M-MdM:
centrifugation (Fi- | lection or IFNy 50 ng/ml (24 hours) IL4 20 ng/ml (24 hours)
coll) using buffy or
coat M-CSF 50 ng/ml (6 days)
IL10 20 ng/ml (24 hours)
Nielsen et | Density gradient | CD14* immunose- | GM-CSF 1 ng/ml + M-CSF 10 | GM-M-MdM: GM-M-MdM:
al. [84] centrifugation lection ng/ml (5 days) LPS 100 ng/ml + IFNy 20 ng/ml | IL4 10 ng/ml + IL13 10 ng/ml (24
(Histopaque- (24 hours) hours)
1077) using buffy or
coat
IL10 10 ng/ml (24 hours)
Tarique et | Density gradient | CD14" immunose- | GM-CSF 50 ng/ml (6 days) GM-MdM or M-MdM: GM-MdM or M-MdM:
al. [119] centrifugation lection or LPS 20 ng/ml (2 days) IL4 20 ng/ml (2 days)
(Lymphoprep) us- or or
ing buffy coat M-CSF 50 ng/ml (6 days)
IFNy 20 ng (ml (2 days) IL13 20 ng/ml (2 days)
or or
LPS 20 ng/ml + IFNy (20 ng/ml (2 | IL4 20 ng/ml + IL13 20 ng/ml (2
days) days)
Vogel etal. | Density gradient | CD14* immunose- | GM-CSF 10 ng/ml (5 days) GM-MdM or M-MdM or NHS- | GM-MdM or M-MdM or NHS-
[130] centrifugation lection MdM: MdM:

(Lymphoprep) us-
ing buffy coat

or
M-CSF 25 ng/ml (5 days)
or

Normal human serum (NHS) (5
days)

IFNy 1x103 U/ml (2 days)
+ after 24 hours

LPS 10 ng/ml

(24 hours)

IL4 10 ng /ml
(2 days) (M2a)

or

IL10 10 ng/ml
(2 days) (M2b)

or

Dexamethasone 10 uM
(2 days) (M2c)
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juncture, CD14 as well as CDG68 are considered to be general markers of the monocytic

cell line whereas molecules such as CD64, CD80 and CD86 are classified as marker
of M1-polarization and molecules like CD1, CD163, CD206 and CD209 mark the M2-
phenotype [18, 61, 62, 108, 115, 119, 121, 134]. Flow cytometry as well as fluores-

cence microscopy are used to characterize the expression of markers [18, 61, 62, 115,

130]. Lastly, gene expression of M® can be assessed isolating RNA and using quan-

titative real-time polymerase chain reaction (QRT-PCR) [45, 62, 119]. Tab. 3 summa-

rizes characteristics of polarized M®.

Table 3: Characterization of M@

Pheno- | Mor- Cytokine and Marker expression | Gene expression Func-
type phology | chemokine secre- tion
tion
M1-M® | fried- CCL51[108, 119] CD40 [130] apolipoprotein L pro-in-
egg-like | chemokine C-X-C CD64 [18, 130] (APOL) 3 [119] flamma-
morphol- | motif ligand (CXCL) | CD68 [108] CCL5[62] tory im-
ogy 9[108] CD80 [59, 61, 62, CCR7 [62] mune
[126] CXCL10 [62, 108, 91, 108, 119] CXCL 918, 45, 55] | re-
119] CD86 [18, 61, 91, CXCL10[18, 62] sponse,
CXCL11[108] 108] CXCL11[18, 45, 62, | tumor
CXCL16 [108] IL1 receptor (R) 1 119] re-
IFNy [119] [91, 108] Fcy receptor (FcyR) | sistance
IL1B [55, 62, 91, Inducible nitric oxide | 1q, [18] [108]
108] synthase (INOS) FcyR1B [18]
IL6 [55, 91, 108] [108] indolamine 2,3-diox-
IL8 [119] MHCII [91, 108] ygenase (IDO) 1
IL12p40 [62, 130] Nitric oxide syn- [62]
IL12 [55, 91, 108] thase (NOS) 2[91] | |L1p [18]
IL23 [108] toll-like receptor IL6 [18]
IL27 [108] (TLR) 291, 108] IL12 [62, 91]
TNFa [55, 59, 62, IL28 [91]
91, 108, 119, 130] interferon regulatory
factor (IRF) 5[119]
TNFa [18, 119]
M2-M® | spindle- | CCL17 [62, 119] CD1a [119] CCL17 [18]
shape CCL18 [119] CD1b [119] CCL18[18, 119]
[62, 119] | CCL22 [62] CD11b [119] CCL22[18, 62]
elon- CD163 [130] CD23[18, 119] CD23[18]
gated, CD206 [130] CD200R [62] CD36 [62]
stellate IL10 [61] CD209 [119] fibronectin (FN) 1
shape [119]
[126] IL27 receptor antag-
onist (RA) [18]
IRF4 [119]
peroxisome prolifer-
ator activated recep-
tor (PPAR) y [62]
Scanvenger recep-
tor class B (SRB) 1
[62]
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TGFB [62]
M2a- CCL17 [108] CD86 [61] CCL13 [55] anti-in-
Mo CCL18[108] CD163 [91] CCLA17 [55] flamma-
CCL22[108] CD200R [61] tory im-
CCL24 [108] CD206 [91, 108] mune
IL5 [61] IL1RA [108] re-
IL10 [61, 108] IL1RII [91, 108] sponse,
IL22 [61] transglutaminase tissue
TGFB [91, 108] (TGM) 2 [91] remod-
eling
[108]
M2b- CCL1[108] CD14 [61] IL1 [91] immu-
Mo IL1B [55, 108] CD80 [61] IL6 [91] noregu-
IL6 [55, 61, 108] CD86 [91, 108] IL10 [91] lation
IL10 [55, 61, 108] TNFo [91] [108]
TNFa [55, 61, 108]
M2c- CCL13[108] CD14 [59] IL10 [91] phago-
Mo CCL18 [108] CD163 [59, 61, 91] | TNFB [91] cytosis
IL5 [61] CD206 [108] of apop-
IL10 [59, 108] TLR1 [91, 108] totic
IL22 [61] TLR8 [91, 108] cells
TGFp [108] [108]
M2d- IL10 [108] VEGF [91, 108] IL10 [91] angio-
Mo VEGF [108] IL12 [91] genesis,
TNFo [91] tumor
TNFB [91] progres-
sion
[108]

1.5 Objective

Due to their beneficial functional, aesthetic and psychologic aspects along with prom-
ising long-term results, dental implants are frequently used in the treatment of tooth
loss or edentulism [3, 38, 56]. However, peri-implant bone loss can occur [110] and
marks an increasing problem [93, 123] that can lead up to implant failure, as reliable
solution approaches are currently lacking [123]. Marginal bone loss is related to either
a failed establishment of or the loss of an established FBE [93, 123, 133]. On a molec-
ular level, M® critically control major phases of the FBR and the FBE, being present
on an implant during its entire in vivo lifetime [11, 22, 24, 106, 123]. Efforts to unfailingly
overcome peri-implant bone loss should therefore aim at disclosing cellular and mo-

lecular mechanisms of the FBR and the FBE bringing M® into focus [123].

On this account, the conducted study strived for the establishment of a protocol to
isolate and differentiate human peripheral blood monocytes towards polarized MdM to
subsequently deepen knowledge on the FBR and investigate potential immunomodu-
latory effects of biomaterials on the latter cells in vitro. Fig. 8 depicts the research out-

line.
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Figure 8: Research outline. A Establishment of a protocol comprised the set-up of an isolation method
for PBMC and monocytes hereinafter, the set-up of a method for differentiation to MdM and for their
polarization. MO-, M1- and M2-MdM were then characterized by means of light microscopy, ELISA, flow
cytometry and CLSM. B Implementation of the established protocol comprised the seeding of the MdM
on different surfaces (coverslip, machined titanium discs (Ti-ma), SLA titanium discs (Ti-SLA) or titanium
anatase discs (Ti-Ana)) and the subsequent polarization to M0O-, M1- and M2-MdM to test on potential
immunomodulatory effects of the latter biomaterials. Evaluation was conducted using cell counting kit
(CCK) 8 cell proliferation assay, ELISA, bicinchoninic acid assay (BCA protein assay) and CLSM.

Within the first section of this study, monocytes were initially separated from human
blood by density gradient centrifugation and monocyte adhesion on plastic surfaces.
Differentiation towards MdM was then accomplished using the growth factor M-CSF
and polarization to either MO-, M1- or M2-MdM was obtained through incubation with
complete medium, the cytokines IFNy and LPS or the cytokines IL4 and IL13, respec-
tively. The polarized MdM were finally characterized morphologically as well as by
means of ELISA, flow cytometry and CLSM.

The second part of this study aimed at the implementation of the established protocol
and hence comprised the investigation of biomaterial-related immunomodulatory ef-
fects on MdM. To this, differentiated MdM were cultivated on titanium surfaces com-
prising either Ti-SLA discs or Ti-Ana discs as modified titanium surfaces, whereas Ti-
ma discs as well as tissue culture plastic coverslips were utilized as control surfaces.

Incubation with either complete medium, the cytokines IFNy and LPS or the cytokines
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IL4 and IL13 was deployed to induce MO-, M1- or M2-MdM phenotype, respectively.
Potential immunomodulatory effects on polarized MdM were then controlled by means
of CCK8 cell proliferation assay, ELISA, BCA protein assay and CLSM.
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2 Materials and Methods

The study conducted is approved by the ethics committee of the Eberhard Karls Uni-
versity of Tubingen (ethical approval: 286/2021 BO).

2.1 Cells

Primary human monocytes were used to prepare differentiated and polarized MdM
(Chap. 2.6.1, Chap. 2.6.2, Chap. 2.6.3, Chap. 2.6.4). The monocytes were obtained from eth-
ylendiaminetetraacetic acid (EDTA) -anticoagulated whole blood drawn by peripheral
venipuncture from healthy and voluntary subjects independent of their sex and age.
Their written consent is documented. Blood was taken prior to each experiment and

was immediately used for monocyte isolation.

2.2 Chemicals and reagents

Chemicals and reagents used within this study are listed below in Tab. 4.

Table 4: List of chemicals and reagents

anti-human CD86
Clone: IT2.2, PE
invitrogen

Chemical Manufacturer Catalog number

Accutase in DPBS, 0.5 mM EDTA EMD Millipore Corp. (Burlington, SCRO005
USA)

Ammonium chloride Serva Electrophoresis GmbH (Heidel- | 39752.01

Molecular biology grade berg, Germany)

NH4Cl Mr 53,50

Antibody R & D Systems® (Minneapolis, MN, MAB197

anti-human CCRY7, purified Mouse USA)

Monoclonal IgG, Clone 150503

Antibody Life Technologies Corp. 50-0689-42

anti-human CD68 (Carlsbad, CA, USA)

Clone: eBioY1/82A, Alexa Fluor 647

Antibody Thermo Fisher Scientific (Waltham, 46-3697-80

anti-human/mouse Arginase 1 mono- | MA, USA)

clonal antibody

Clone: A1exF5, PerCP-eFluor 710

Invitrogen

Antibody Thermo Fisher Scientific (Waltham, 12-001741

Anti-human CD1A MA, USA)

Clone: SK9, PE

invitrogen

Antibody Thermo Fisher Scientific (Waltham, 12-0869-42

MA, USA)
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Antibody Thermo Fisher Scientific (Waltham, 12-1979-41

anti-human CD197 (CCRY7) MA, USA)

Clone: 3D12, PE

Invitrogen

Antibody Cell Signaling Technology (CST) 13193

DC-SIGN (D7F5C) XP Rabbit mAB (Denvers, NA, USA)

Antibody Thermo Fisher Scientific Inc. (Wal- A32723TR

goat anti-mouse IgG (H+L) highly tham, MA, USA)

cross absorbed secondary antibody

Alexa Fluor Plus 488

invitrogen

Antibody Abcam (Cambridge, Great Britain) A150077

Goat anti-rabbit IgG (H+L)

Alexa Fluor 488

Antibody Thermo Fisher Scientific Inc. (Wal- A10520

goat anti-rabbit IgG (H+L) cross ab- tham, MA, USA)

sorbed secondary antibody

Cyanine3

invitrogen

Antibody BioLegend (San Diego, CA, USA) 301818

mouse anti-human CD14

Clone: M5E2, Alexa Fluor 647

Antibody BioLegend (San Diego, CA, USA) 305222

mouse anti-human CD80

Clone 2D10, Briliant Violet 421

Antibody BD Biosciences (San Jose, CA, USA) | 563697

mouse anti-human CD163

Clone:GHI/61, FITC

BD Pharmingen

Antibody BD Biosciences (San Jose, CA, USA) | 555954

mouse anti-human CD206

Clone:19.2, PE

BD Pharmingen

Antibody BD Biosciences (San Jose, CA, USA) | 561764

mouse anti-human CD209

Clone: DCN46, FITC

BD Pharmingen

Anti-fade fluorescence mounting me- | abcam (Cambridge, UK) ab104135

dium - aqueous, fluoroshield

Ampuwa irrigation solution Fresenius Kabi (Bad Homburg, Ger- B230673

1000 mL Plastipur many)

BD Cytofix Becton, Dicinson and Company 554655

Fixation Buffer (Franklin Lakes, NJ, USA)

BD Pharmingen Becton, Dicinson and Company 564765

Purified NA/LE Human BD Fc Block (Franklin Lakes, NJ, USA)

Bovine serum albumin (BSA) VWR International bvba (Leuven, Bel- | 422361V
gium)

Cell Counting Kit-8 Dojindo Laboratories (Mashiki, Japan) | CK04

Dimethyl sulfoxide

Sigma-Aldrich Co. (St. Louis, MO,
USA)

D2438-5X10ML

DPBS (1X) Gibco (Paisley, United Kingdom) 14109-094

Dulbecco’s Phosphate Buffered Sa-

line

[-] MgCl2

[-] CaClz

DRAQS5 staining solution Milteny Biotec (Bergisch Gladbach, 130-117-344
Germany)

EDTA-Solution pH 8.0 (0.5 M) for mo- | AppliChem GmbH (Darmstadt, Ger- A3145

lecular biology

many)
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Ethanol VWR Chemicals (Rosny-sous-Bois, 20.821.330
France)

Ethylenediaminetetraacetic acid diso- | Sigma-Aldrich Co. (St. Louis, MO, E5134-50G

dium salt dihydrate USA)

Suitable for electrophoresis, for mo-

lecular biology, 99.0-101.0 % (titra-

tion)

FBS SUPERIOR stabil Bio&Sell (Nirnberg, Germany) FBS.S 0615

Steril filtriert

Human CCL13 (MCP-4) ELISA kit Thermo Fisher Scientific (Carlsbad, EHCCL13

invitrogen CA, USA)

Human CCL17 (TRAC) ELISA kit Thermo Fisher Scientific (Carlsbad, EHCCL17

invitrogen CA, USA)

Human IFN-gamma recombinant pro- | invitrogen (Rockford, IL, USA) RIFNG100

tein

Human IL4 Miltenyi Biotec (Bergisch Gladbach, 130-095-373
Germany)

Human IL13 Miltenyi Biotec (Bergisch Gladbach, 130-112-409
Germany)

Human M-CSF Peprotech (Cranbury, NJ, USA) 300-25

Human TNF-a ELISA Kit Thermo Fisher Scientific (Carlsbad, KHC3011

invitrogen CA, USA)

Immersion ol Ibidi (Grafelfing, Germany) 50101

Lipopolysaccharides from Escherichia | Sigma Aldrich Co. (St. Louis, MO, L4391-1MG

coli O111:B4 USA)

Lymphocyte Separation PromoCell (Heidelberg, Deutschland) | C-44010

Medium 1077

Monocyte Attachment PromoCell (Heidelberg, Deutschland) | C-28051

Medium

Pen Strep Penicillin Streptomycin Gibco (Grand Island, NY, USA) 15140-122

[+]10 000 Units/ml Penicillin

[+]10 000 pg/ml Streptomycin

Phalloidin-fluorescein isothiocyanate Sigma-Aldrich (St. Louis, MO, USA) P5282

(FITC)

Pierce BCA protein assay kit Thermo Fisher Scientific (Carlsbad, 23227

thermo scientific

CA, USA)

Potassium bicarbonate
ACS reagent, 99,7 %, powder, crys-
tals or granules

Sigma-Aldrich Co. (St. Louis, MO,
USA)

237205-100G

Paraformaldehyde Sigma Aldrich Co. (St. Louis, MO, P6148-500G

reagent grade, crystalline USA)

RNase free DPEC-treated water Thermo Fisher Scientific (Carlsbad, AM9916
CA, USA)

RPMI 1640, 1X Mediatech Inc. (Manassas, VA, USA) | 10-040-CV

with L-glutamine

Triton 100X Merck KGaA (Darmstadt, Germany) 112298

Trypan blue solution 0.4% Carl Roth GmbH + Co. KG (Karlsruhe, | 1680.1
Germany)

Tween 20 Carl Roth (Karlsruhe, Germany) 9127.2

2.2.1 Solutions and buffers

As to the experimental procedure, solutions and buffers were prepared for the isolation

of monocytes, their differentiation towards polarized MdM as well as the subsequent
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assessment using ELISA, flow cytometry, CLSM and BCA protein assay. Tab. 5 sum-

marizes these solutions and buffers.

Table 5: List of solutions and buffers

Solution/buffer

| Contents

| Application notes

BCA protein assay

Working reagent for BCA pro-
tein assay

BCA reagent A + BCA reagent
B 50:1

Preparation prior to usage
Utilization: room temperature

CLSM

Fixation buffer for CLSM

PBS
+ 3% paraformaldehyde (PFA)

Storage: room temperature
Utilization: room temperature

Permeabilization  buffer for

CLSM

PBS
+ 0.2% Triton 100X

Storage: room temperature
Utilization: room temperature

+ 1% penicillin and streptomy-
cin

Staining buffer for CLSM PBS Storage: +4° C
+ 1% BSA Utilization: room temperature
+ 0.1% Tween 20

Storage buffer for CLSM PBS Storage: +4° C

Utilization: room temperature

Wash buffer for CLSM

PBS
+ 0.1% Tween 20

Storage: +4° C
Utilization: room temperature

ELISA

Assay diluent B 1X for CCL13
ELISA

5-fold dilution of assay diluent B
5X with deionized or distilled
water

Preparation prior to usage
Utilization: room temperature

Assay diluent B 1X for CCL17
ELISA

5-fold dilution of assay diluent B
5X with deionized or distilled
water

Preparation prior to usage
Utilization: room temperature

Assay diluent C for CCL17
ELISA

Storage: +4° C
Utilization: room temperature

Biotin concentrate for CCL13
ELISA

Biotin (vial)
+ 100 pl assay diluent B 1X

Storage: +4° C
Utilization: room temperature

Biotin conjugate for CCL13

ELISA

80-fold dilution of biotin concen-
trate with assay diluent B 1X

Preparation prior to usage
Utilization: room temperature

Biotin concentrate for CCL17
ELISA

Biotin (vial)
+ 100 pl assay diluent B 1X

Storage: +4° C
Utilization: room temperature

Biotin conjugate for CCL17 | 80-fold dilution of biotin concen- | Preparation prior to usage
ELISA trate with assay diluent B 1X Utilization: room temperature
Biotin conjugate for TNFa | - Storage: +4° C

ELISA Utilization: room temperature
Incubation buffer for TNFa | - Storage: +4° C

ELISA Utilization: room temperature
Stabilized  chromogen  for | - Storage: +4° C

CCL13 ELISA Utilization: room temperature
Stabilized  chromogen  for | - Storage: +4° C

CCL17 ELISA Utilization: room temperature

Stabilized chromogen for TNFa
ELISA

Storage: +4° C
Utilization: room temperature

Standard diluent buffer for

TNFa ELISA 1X

Storage: +4° C
Utilization: room temperature

Stop solution for CCL13 ELISA

Storage: +4° C
Utilization: room temperature

Stop solution for CCL17 ELISA

Storage: +4° C
Utilization: room temperature

Stop solution for TNFa ELISA

Storage: +4° C
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Utilization: room temperature

Streptavidin-horse raddish pe-
roxidase (HRP) solution 1X for
CCL13 ELISA

200-fold dilution of streptavidin
HRP (200X) with assay diluent
B 1X

Preparation within 15 minutes of
usage
Utilization: room temperature

Streptavidin-HRP solution 1X
for CCL17 ELISA

400-fold dilution of streptavidin
HRP (400X) with assay diluent
B 1X

Preparation within 15 minutes of
usage
Utilization: room temperature

Streptavidin-HRP solution 1X
for TNFa ELISA

10 pl streptavidin-HRP (100X)
solution
+ 1 ml streptavidin-HRP diluent

Preparation within 15 minutes of
usage
Utilization: room temperature

Wash buffer 1X for CCL13
ELISA

20 ml wash buffer concentrate
(20X)
+ 380 ml of deionized or distilled
water

Storage: +4° C
Utilization: room temperature

Wash buffer 1X for CCL17
ELISA

20 ml wash buffer concentrate
(20X)
+ 380 ml of deionized or distilled
water

Storage: +4° C
Utilization: room temperature

Wash buffer 1X for TNFa ELISA

16 ml wash buffer concentrate
(25X)
+ 384 ml of deionized or distilled
water

Storage: +4° C
Utilization: room temperature

Fluorescence-activated cell sorting (FACS)

+ 2,5 % Fc block

FACS buffer PBS Storage: +4° C
+ 0.5 % BSA Utilization: ice-cold/+4° C
FACS Fc-blocking buffer FACS buffer Preparation prior to usage

Utilization: +4° C

Monocyte is

olation, MdM differentiation and

polarization

Complete medium

RPMI

+10 % FBS

+ 1 % penicillin and streptomy-
cin in PBS

Storage: +4° C
Utilization: +37° C

+ 0.37 g Ci1oH14N20ge2 Nae2
H20

Dilution buffer for PBMC isola- | 500 ml DPBS Storage: +4° C
tion +2ml0.5MEDTA Utilization: +37° C
Erythrocyte lysis buffer 1000 ml H20 Sterile-filtered
+ 8.29 g NH4ClI Storage: +4° C
+1g KHCO3 Utilization: +37° C

FBS

Heat inactivation: +56° C, 30
minutes

Storage: +4° C

Long-term storage: -20° C

Lymphocyte Separation Me-
dium

Storage: room temperature, un-
der protection from light
Utilization: room temperature,
under protection from light

Monocyte Adhesion Medium

Storage: +4° C
Utilization: +37° C

Wash buffer for PBMC isolation

500 mI DPBS
+ 50 ml FBS
+2ml0.5MEDTA

Storage: +4° C
Utilization: +37° C

Furthermore, the growth factor M-CSF, the cytokines IFNy, IL4 and IL13, LPS as well

as phalloidin were prepared according to the manufacturers’ specific instructions prior

to their utilization.
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2.2.2 IFNy

IFNy was obtained as lyophilizate, was stored at -20° C and was reconstituted to a
concentration of 1 mg/ml using ribonuclease (RNase) -free water. Further dilution to a
concentration of 50 yg/ml was prepared with phosphate buffered saline (PBS) + 0.1 %
bovine serum albumin (BSA). Diluted IFNy was then aliquoted into protein low-binding

tubes and kept at -20° C until its utilization. Repeated freeze-thaw cycles were avoided.

223 IL4

IL4 was obtained as lyophilizate, was stored at -20° C and was reconstituted to a con-
centration of 0.1 mg/ml using RNase-free water. Further dilution to a concentration of
10 pg/ml was prepared with PBS + 0.1 % BSA. Diluted IL4 was then aliquoted into
protein low-binding tubes and kept at -20° C until its utilization. Repeated freeze-thaw

cycles were avoided.

224 IL13

IL13 was obtained as lyophilizate, was stored at -20° C and was reconstituted to a
concentration of 0.1 mg/ml using RNase-free water. Further dilution to a concentration
of 10 ug/ml was prepared with PBS + 0.1 % BSA. Diluted IL13 was then aliquoted into
protein low-binding tubes and kept at -20° C until its utilization. Repeated freeze-thaw
cycles were avoided.

225 LPS

LPS was obtained as lyophilizate, was stored at -20° C and was reconstituted to a
concentration of 1 mg/ml using 0.9 % sodium chloride (NaCl) solution. Reconstituted
LPS was then aliquoted and kept at -20° C. Prior to its utilization further dilution to a
concentration of 10 uyg/ml was done using complete medium. Repeated freeze-thaw
cycles were avoided.

2.2.6 M-CSF

M-CSF was obtained as lyophilizate, was stored at -20° C and was reconstituted to a

concentration of 0.1 mg/ml using RNase-free water. Further dilution to a concentration
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of 10 ug/ml was prepared with PBS + 0.1 % BSA. Diluted M-CSF was then aliquoted
into protein low-binding tubes and kept at -20° C until its utilization. Repeated freeze-

thaw cycles were avoided.

2.2.7 Phalloidin

Phalloidin was obtained as lyophilizate, was stored at -20° C and was reconstituted to

a concentration of 0.5 mg/ml using dimethyl sulfoxide (DMSO). Reconstituted phal-

loidin was then aliquoted and kept at -20° C. Prior to its utilization further dilution to a

concentration of 5 pg/ml was done using PBS + 0.1 % BSA. Repeated freeze-thaw

cycles were avoided.

2.3 Consumables

Consumables used within this study are listed below in Tab. 6.

Table 6: List of consumables

Consumable

Manufacturer

Catalog number

Cell culture dish 35x10 mm Cellstar

Greiner Bio-One GmbH (Frickenhau-
sen, Germany

627160

Cell Scraper Costar Corning Incorporated (Corning, NY, 3010
USA)

Descosept sensitive Dr. Schumacher GmbH (Malsfeld, 00-653-050
Deutschland)

Eppendorf tubes Eppendorf SE (Hamburg, Germany) 022431081

protein LoBind tube 1.5 ml

Eppendorf tubes Eppendorf SE (Hamburg, Germany) 0030 120.086

safe-lock tubes 1.5 ml

Eppendorf tubes Eppendorf AG (Hamburg, Germany) 0030 120.094

safe-lock tubes 2.0 ml

FACS tubes Falcon 5 ml polysterene | Corning Science México S. A. de C. 352054

round-bottom tube V. (Reynosa, Tamaulipas, México)

Filter paper Macherey-Nagel (Diren, Germany) 431 009

Filtration system Merck Millipore Ltd. (Cork, Ireland) SLG033SS

Millipore Membrane, 33 mm o

Filtration system Merck KGaA (Darmstadt, Germany) S2GPTO02RE

Steritop 45 mm Neck Size

Millipore Express PLUS

Gloves, Peha-soft nitrile FINO Paul Hartmann AG (Heidenheim, Ger- | 110699
many)

Hemocytometer, C-Chip, disposable NanoEntek Inc. (Hwaseong-si, DHC-NO1
Gyeonggi-do, Korea)

Leukoplast soft BSN medical GmbH (Hamburg, Ger- | 79297-03

Skin friendly adhesive dressing

many)
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Microscope cover glass, 10 mm 2 Paul Marienfeld GmbH & Co. KG 111500
(Lauda-Koénigshofen, Germany)

Microscope cover glass 12 mm o As- | Karl Hecht GmbH & Co KG (Sond- 1001

sistent heim vor der Rhén, Germany)

Microscope cover glass, 20 x 20 mm Menzel Glaser (Braunschweig, 1
Deutschland)

Microscope slide Objekttrager Carl Roth GmbH (Karlsruhe, Ger- 4HX4 1
many)

Nail polish Cosnova GmbH (Sulzbach, Germany | N/A

Colour shield top coat

Essence

octenisept Schiilke & Mayr GmbH (Nordersted, 173711

antiseptic Germany)

Wassriges Wund- und Schleim-Haut-

antiseptikum

Parafilm Bemis Company, Inc. (Oshkosh, WI, PM999
USA)

Pipette tips Thermo Fisher Scientific OY (Vantaa, | 94060520

Finntip Flex 300 Finland)

Volume range 30-300 pl

Pipette tips Ratiolab GmbH (Dreireich, Germany) | 2100610

ratiolab tips 100-1200 pl

blue

Pipette tips Ratiolab GmbH (Dreireich, Germany) | 2100600

ratiolab tips 1-200 pl

yellow

Pipette tips Ratiolab GmbH (Dreireich, Germany) | 2500170

ratiolab tips 0.5-20 pl

crystal

Pipet tip Greiner Bio-One GmbH (Kremsmiins- | 777350

Sapphire 1000 yl ter, Austria)

Pipette tip Greiner Bio-One GmbH (Kremsmiins- | 775350

Sapphire 200 ul ter, Austria)

Pipette tip Biozym Scientific GmbH (Hessisch 720011

Spitzen 10 pl Oldendorf, Germany)

Pipette tip Greiner Bio-One GmbH (Frickenhau- | 739290

Ultratip 200 pl sen, Germany

Plate, 24-well Cellstar Greiner Bio-One GmbH (Frickenhau- | 662102

for suspension culture sen, Germany)

Plate, 24-well Costar Corning Incorporated (Kennebunk, 3738

not-treated ME, USA)

Plate, 24-well Costar Corning Incorporated (Kennebunk, 3524

tissue culture-treated ME, USA)

Plate, 96-well Greiner Bio-One GmbH (Frickenhau- | 655101
sen, Germany)

Pur-Zellin Paul Hartmann AG (Heidenheim, Ger- | 143 253

Zellstofftumpfer von der Rolle many)

Cellulose swabs on a roll

S-Monovette 9 ml K3E Sarsted AG & Co. KG (Nimbrecht, 02.1066.001

K3E: 1,6 ml EDTA/mI Germany)

Safety-Multifly® 21G tube 200 mm Sarsted AG & Co. KG (Nimbrecht, 85.1638.235
Germany)

Serological pipet, 10 ml graduated in Greiner Bio-One GmbH (Frickenhau- | F220934U

1/10 ml Cellstar sen, Germany

Serological pipet, 10 ml graduated in Corning Incorporated (Corning, NY, 356551

1/10 ml, Corning Advantage USA)

Serological pipet, 25 ml graduated in Corning Incorporated (Durham, NC, 356525

1/4 ml, Falcon Advantage

USA)
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with support skin

sen, Germany

Serological pipet, 25 ml graduated in Corning Incorporated (Corning, NY, 4489

2/10 ml, Costar Stripette USA)

Serological pipet, 5 ml graduated in Corning Incorporated (Corning, NY, 4487

1/10 ml, Corning Advantage USA

The green Tourniquet Prameta (Kdln, Germany) 902

Tissue Culture Coverslips 13 mm Sarsted, Inc. 83.1840.002

(plastic) (Newton, NC, USA)

Tissue culture flask T75 Sarsted AG & Co. KG (Nimbrecht, 83.3911.002
Germany)

Titanium-Anatase discs 12 mm Medentis medical GmbH (Bad Neu- N/A
enahr-Ahrweiler, Germany)

Titanium-machined discs 12 mm Medentis medical GmbH (Bad Neu- N/A
enahr-Ahrweiler, Germany)

Titanium-SLA discs 10 mm Medentis medical GmbH (Bad Neu- N/A
enahr-Ahrweiler, Germany)

Tube, 15 ml, Cellstar conical bottom, Greiner Bio-One GmbH (Frickenhau- | 188261-N

graduated, sterile sen, Germany)

Tube, 50 ml, Cellstar, conical bottom, | Greiner Bio-One GmbH (Frickenhau- | 227261

graduated, sterile sen, Germany)

Tube, 50 ml, Cellstar, conical bottom Greiner Bio-One GmbH (Frickenhau- | 210270

2.4 Appliances

Appliances used within this study are listed below in Tab. 7.

Table 7: List of appliances

1000 pl

land)

Appliance Manufacturer Catalog number/
Item number
Absorbance reader Infinite F50 TECAN Austria GmbH (Grodig, Aus- | TCAT91000001
tria)
Canon EOS 550D Canon (Tokyo, Japan) 4463B017AA
Centrifuge Multifuge 1S-R Kendro Laboratory Products GmbH | 40662891
(Langenselbold, Germany)
Centrifuge Biofuge 15 Heraeus instruments (Hanau, Ger- | 236384
many)
CLSM Leica TCS SP5 Leica Microsystems CMS GmbH
(Mannheim, Germany)
FACS BD FACSCalibur Flow cytome- | BD Biosciences (San Jose, CA, USA) | E97500055
ter
Freezer +4° C/-20° C Liebherr (Ochsenhausen, Germany) GSN3226
Heracell 150 i CO2 incubator Thermo Fisher Scientific (Waltham, | 51032720
MA, USA)
Laboratory balance Sartorius GmbH (Géttingen, Germany) | 39010016
Sartorius analytic
Light microscope CK2 Olympus Deutschland GmbH (Ham- | 601663
burg, Germany)
Pipette Eppendorf Research plus 0.5- | Eppendorf SE (Hamburg, Deutsch- | 3123000020
10 pl land)
Pipette Eppendorf Research plus 10- | Eppendorf SE (Hamburg, Deutsch- | 3123000047
100ul land)
Pipette Eppendorf Research plus 100- | Eppendorf SE (Hamburg, Deutsch- | 3123000063
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Pipette Eppendorf Research plus 10- | Eppendorf SE (Hamburg, Deutsch- | 3125000036
100 pl, 8-Kanal land)
Pipette controller Pipetus Hirschmann Laborgerate GmbH & Co. | 8707199
KG (Eberstadt, Germany)
Shaker DOS-20S neoLab Migge GmbH (Heidelberg, | 7DE048
Germany)
Sterile bench, LaminarAir HB 2472 Heraeus instruments (Hanau, Ger- | 51012197
many)
Varioklav Dampfsterilisator HP Labortechnik GmbH (OberschleilR- | 41320797
heim, Germany)
Waterbath Medingen W6, 220 V 50/60 | Medingen GmbH (Ottendorf-Okrilla, | 40044
Hz, 1.0 KW Germany)
2.5 Software
Software used within this study is listed below in Tab. 8.
Table 8: List of software
Software Manufacturer Version
BD CellQuestPro Software BD Biosciences (San Jose, CA, USA) | Version 5.1
Endnote Clarivate (Philadelphia, PA, USA) Version 21.4
EOS Utility software Canon Inc. (Tokyo, Japan) Version 3.10.20.0
FlowdJo FlowJo, LLC (Ashland, OR, USA) Version 10.10.0
GraphPad Prism GraphPad Software (Boston, MA, | Version 9.4.1
USA)
ImageJ National Institutes of Health (Be- | Version 1.53k
thesda, MD, USA)
Inkscape The Inkscape Project (N/A) Version 1.4
Leica LAS AF Lite Leica Microsystems CMS GmbH | Version
(Mannheim, Germany) 3.3.10134.0

Microsoft Office 365

Microsoft Corporation (Redmond, WA,
USA)

Version 16.90

2.6 Experimental setup

The protocol given hereinafter refers to the PBMC isolated from 72 ml of whole blood,
corresponding to 8 EDTA-monovettes seizing 9 ml of volume. About 0.5 to 2.5 x 108
PBMC are comprised within 1 ml whole blood [46, 99], whereupon monocytes consti-
tute 10 to 20 % of these cells [68]. Depending on the number of MdM needed for a
particular repeat of the study, either 72 ml of whole blood were used in total or the
volume was doubled or tripled, respectively.
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2.6.1 lIsolation of PBMC

Density gradient centrifugation was conducted for the isolation of PBMC from whole
blood. To this end, 72 ml of whole blood were equally apportioned among 4 50 ml tubes
transferring 18 ml of blood into each 50 ml tube. We then added 18 ml dilution buffer
for PBMC isolation (+37° C) (Chap. 2.2.1) to all of the 50 ml tubes, diluting the whole
blood 1:2, and mixed the suspensions by inverting the tubes. Another 8 50 ml tubes
were then filled with 18 ml Lymphocyte Separation Medium (Chap. 2.2.1) at room tem-
perature each and the blood suspensions were evenly distributed, carefully layering
18 ml diluted blood onto each 18 ml Lymphocyte Separation Medium using a Peleus
ball and a serological pipette. Centrifugation was then conducted for 30 minutes at
+21° C at 400 x g without acceleration and brake, respectively, to allow for the sepa-
ration of blood cells and plasm. Following, plasm was carefully removed and discarded
to expose the fraction of PBMC. We then collected the latter cells combining the PBMC
from 2 50 ml tubes into a new 50 ml tube. These 4 new 50 ml tubes were then filled up
with wash buffer for PBMC isolation (+37° C) (Chap. 2.2.1) to a total volume of 40 ml
each and centrifuged for 10 minutes at +21° C at 300 x g with acceleration and brake
for washing. The supernatant was discarded. To achieve depletion of contaminating
erythrocytes, the PBMC were then resuspended in 40 ml of erythrocyte lysis buffer
(Chap. 2.2.1) for each 50 ml tube and the cells were incubated for 5 minutes at room
temperature. Adjacently, the cells were centrifuged for 10 minutes at +21° C at 400 x
g with acceleration and brake and the supernatant was discarded. For each 50 ml tube,
we resuspended the PBMC in 10 ml wash buffer for PBMC isolation and subsequently
transferred all PBMC into one of the 50 ml tubes. This particular 50 ml tube was then
filled up with wash buffer for PBMC isolation to 50 ml of total volume and the number
of PBMC was counted using a hemocytometer. Terminally, the PBMC were centrifuged
for 10 minutes at +21° C at 400 x g with acceleration and brake and the supernatant

was discarded.

2.6.2 Isolation of monocytes

Following, monocytes were separated from lymphocytes by means of adhesion on
plastic surfaces. For this purpose, we resuspended the isolated PBMC in 45 ml of pre-
warmed Monocyte Attachment Medium (+37° C) (Chap. 2.2.1) and subsequently distrib-
uted the cells equally to 3 T75-flasks. Depending on the number of isolated PBMC,
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each T75-flask contained an approximate number of 30 x 108 to 40 x 10° cells sus-
pended in 15 ml Monocyte Attachment Medium, respectively. We then incubated the
PBMC for 90 minutes at +37° C and 5 % CO: to allow for the monocytes to adhere.
After the incubation period, the supernatant was discarded and the adherent mono-
cytes were carefully washed once with 15 ml pre-warmed complete medium (+37° C)
(Chap. 2.2.1) per T75-flask, gently tilting and tapping the T75-flasks, in order to remove

the non-adherent and loosely adherent fraction of PBMC.

2.6.3 Differentiation of monocytes to MdM

The adherent monocytes were then differentiated to MdM via incubation in 15 ml of
fresh complete medium supplemented with the growth factor M-CSF (Chap. 2.2.6) at a
concentration of 10 ng/ml for 6 days altogether. Incubation was done at +37° C and 5
% CO2 with exchange of the medium every other day. As a lot of initially adhering cells
detached during the first days of incubation, 15 ml of complete medium supplemented
with 10 ng/ml M-CSF was used on day 1 and day 3 of differentiation and volume was
reduced to 12 ml complete medium supplemented with 10 ng/ml M-CSF on day 5 of

differentiation.

2.6.4 Polarization of MdM

Polarization of the MdM was conducted following to their differentiation to induce either
M1- or M2-phenotype. For each phenotype, cells within 1 T75-flasks were used. The
MO-phenotype was obtained through incubation in 12 ml of complete medium without
any polarizing agents. M1-MdM were induced through incubation in 12 ml of complete
medium supplemented with 50 ng/ml IFNy (Chap. 2.2.2) and 10 ng/ml LPS (Chap. 2.2.5).
For the M2-polarization, the MdM were incubated in 12 ml complete medium containing
20 ng/ml IL4 (Chap. 2.2.3) and 20 ng/ml IL13 (Chap. 2.2.4). Incubation was done for 2
days at +37° C and 5 % COa..

In order to characterize the resultant MdM, following to their polarization, the cells were
assessed using light microscopy, ELISA, flow cytometry as well as CLSM as deline-

ated below.
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2.6.5 Characterization of polarized MdM using light microscopy

To begin with, polarized MdM were regularly assessed light microscopically regarding
their morphology. For this purpose, during their differentiation as well as their polariza-
tion, MdM were observed and images were taken at a 10X and 20X magnification.

2.6.6 Characterization of polarized MdM using ELISA

Polarized MdM were then characterized regarding their secretion of cytokines using
ELISA. To this, the concentration of TNFa was determined as a parameter for M1-
polarization whereas the concentration of CCL-13 and CCL-17 was investigated as

parameter for M2-polarization.

On day 2 of polarization, we collected the supernatant of MO-, M1- or M2-polarized
cells, respectively, each in a 15 ml tube and centrifuged at 300 x g for 5 minutes at
+21° C to seclude suspended cells and debris. Supernatant was then aliquoted into
1.5 ml protein low-binding tubes and either ELISA was directly performed or the sam-
ples were kept at -20° C until their future measurement. Repeated freezing and thawing
of the samples was avoided. ELISA kits were chosen contingent on their sensitivity
and their detection limit. For each of the latter cytokines, ELISA was conducted ac-
cording to the manufacturer’s specific instructions and all reagents were allowed to
reach room temperature prior to their utilization. Standards, blanks as well as samples
were investigated as doublets. We firstly identified the proper dilution of the diverse
samples to be tested (data not shown).

For the TNFa ELISA, the Invitrogen Human TNFa ELISA Kit was utilized and the M1-
MdM samples were diluted 1:10 using complete medium. To begin with, standards
were prepared according to the manufacturer’s specific instructions and sole standard
diluent buffer for TNFa ELISA (Chap. 2.2.1) was used as a blank (Tab. 9). Following, 50
Ml of incubation buffer for TNFa ELISA (Chap. 2.2.1) for standards as well as blanks and
50 ul of standard diluent buffer for TNFo ELISA for samples, respectively, were laid to
each well. We then added 100 pl of standard, blank or sample to the appropriate well
and carefully tapped the plate for the purpose of mixing. The plate was incubated for 2
hours at room temperature to allow the antigens to bind and subsequently the wells
were washed 4 times with wash buffer for TNFo ELISA (Chap. 2.2.1) and carefully dried.

To each well 100 pl of biotin conjugate for TNFa ELISA (Chap. 2.2.1) was adjoined and
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the plate was incubated for 1 hour at room temperature. Following to another 4 times
of washing with wash buffer for TNFo and accurate drying, we added 100 pl of strep-
tavidin-HRP solution for TNFo ELISA (Chap. 2.2.1) into each well and incubated the
plate for 30 minutes at room temperature. The wells were washed for 4 times with wash
buffer for TNFo ELISA again and after drying 100 pl of stabilized chromogen for TNFa
ELISA (Chap. 2.2.1) was then added to each well. Incubation was done for 30 minutes
at room temperature under protection form light. After this incubation period, we added
100 pl of stop solution for TNFo ELISA (Chap. 2.2.1) to each well, carefully tapped the

plate as to mixing and read the absorbance as stated below.

Table 9: TNFa standard dilution scheme for TNFa ELISA

Volume of diluent [ul] | Volume and source of TNFo. | Final TNFa concentration [pg/mil]
[ui]
A 300 300 of reconstituted standard 1000
B 300 300 of A 500
Cc 300 300 of B 250
D 300 300 of C 125
E 300 300 of D 62.5
F 300 300 of E 31.2
G 300 300 of G 15.6
H 300 - 0 = blank

Concerning the CCL13 ELISA, the Invitrogen Human CCL13 (MCP-4) ELISA Kit was
used and a 1:12 fold dilution using assay diluent B for CCL13 ELISA (Chap. 2.2.1) was
required for the M2-MdM samples. Again, standards were diluted according to the
manufacturer’s specific instructions at first and sole assay diluent B for CCL13 ELISA
was used as a blank (Tab. 10). Next, 100 pl of standard, blank or sample were adjoined
to the appropriate well and the plate was incubated for 2,5 hours at room temperature
with gentle shaking to allow the antigens to bind. Subsequently, the solution within the
wells was discarded and the wells were washed 4 times with wash buffer for CCL13
ELISA (Chap. 2.2.1). After accurate drying, 100 pl of biotin conjugate for CCL13 ELISA
(Chap. 2.2.1) was added and the plate was incubated for 1 hour at room temperature

with gentle shaking. Again, the wells were washed for 4 times with wash buffer for
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CCL13 ELISA with careful drying after all. We then adjoined 100 pl of streptavidin-HRP
solution 1X for CCL13 ELISA (Chap. 2.2.1) to each well and incubation was done for 45
minutes at room temperature with gentle shaking. The solution was discarded and the
wells were washed 4 times with wash buffer for CCL13 ELISA and thoroughly dried.
Adjacently, 100 ul of stabilized chromogen for CCL13 ELISA (Chap. 2.2.1) was then
added to each well and the plate was incubated for 30 minutes at room temperature
under protection from light with gentle shaking. Eventually, 50 ul of stop solution for
CCL13 ELISA (Chap. 2.2.1) was adjoined and the plate was carefully tapped as to mix-
ing. Absorbance was read as delineated below.

Table 10: CCL13 standard dilution scheme for CCL13 ELISA

Volume of diluent [pl] | Volume and source of CCL13 Final CCL13 concentration
[mi] [pg/mi]

A 998 2 of reconstituted standard 200

B 300 300 of A 100

Cc 300 300 of B 50

D 300 300 of C 25

E 300 300 of D 12.5

F 300 300 of E 6.25

G 300 300 of G 3.13

H 300 - 0 = blank

As to the CCL17 ELISA, the Invitrogen Human CCL17 (TARC) ELISA Kit was utilized
and no dilution was required. Initially, we prepared the standards according to the man-
ufacturer’s specific instructions and sole assay diluent C for CCL17 ELISA (Chap. 2.2.1)
was used as a blank (Tab. 11). Then, 100 pl of standard, blank or sample was pipetted
to the appropriate well and the plate was incubated for 2,5 hours at room temperature
with gentle shaking to allow the antigens to bind. Following, we discarded the solution
within the wells and washed the wells 4 times with wash buffer for CCL17 ELISA (Chap.
2.2.1). Subsequent to accurate drying, 100 pl of biotin conjugate for CCL17 ELISA
(Chap. 2.2.1) was adjoined and the plate was incubated for 1 hour at room temperature
with gentle shaking. The wells were washed for 4 times with wash buffer for CCL17
ELISA and carefully dried. We then added 100 ul of streptavidin-HRP solution for
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CCL17 ELISA (Chap. 2.2.1) to each well. After incubation for 45 minutes at room tem-
perature with gentle shaking, the supernatant was discarded and the wells were
washed 4 times with wash buffer for CCL17 ELISA as well as thoroughly dried. Follow-
ing, 100 pl of stabilized chromogen for CCL17 ELISA (Chap. 2.2.1) was added to each
well and the plate was incubated for another 30 minutes at room temperature under
protection from light with gentle shaking. Finally, we added 50 pl of stop solution for
CCL17 ELISA (Chap. 2.2.1) to each well and the plate was carefully tapped as to mixing.

Absorbance was read as delineated below.

Table 11: CCL17 standard dilution scheme for CCL17 ELISA

Volume of diluent [pl] | Volume and source of CCL17 Final CCL17 concentration
[mi] [pg/mi]

A 570 30 of reconstituted standard 2500

B 300 200 of A 1000

Cc 300 200 of B 400

D 300 200 of C 160

E 300 200 of D 64

F 300 200 of E 25.6

G 300 200 of G 10.2

H 300 - 0 = blank

Immediately after appending the stop solution to each well of the plate, the absorbance
was read at 450 nm. Adjacently, the standard curve was generated and the concen-
tration of secreted TNFa, CCL13 or CCL17, respectively, was calculated subject to the
correspondent curve according to the manufacturers’ specific instructions. In case of
prior sample dilution, calculated concentration values were then multiplied by their ap-
propriate dilution factor. Lastly, normalization of the concentration of secreted TNFa,
CCL13 or CCL17, each, to the number of cells within the corresponding T-75 flask was
done and concentrations are presented relating to 1x10° cells.
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2.6.7 Characterization of MdM using flow cytometry

We furthermore assessed the polarized MdM as to their expression of surface and
intracellular markers by means of flow cytometry. In this regard, the expression of
CD14 and CD68 as M®-pan-markers was investigated, whereas CD80, CD86 and
CCR7 were employed as markers for M1-polarization and the expression of CD1A,
CD163, CD206, CD209 and Arg1 was tested as marker for M2-polarization.

On day 2 of polarization, the adherent cells were harvested in the first step. Therefore,
after the culture medium from of each T75-flask had been collected for analysis of
cytokine secretion (Chap. 2.6.6), the adherent MdM were washed once with 15 ml PBS
per T75-flask. Following, we added 10 ml of pre-warmed Accutase (+37° C) to each
T75-flask and incubated the cells for 30 minutes at +37° C and 5 % CO.. To facilitate
detachment, flasks were additionally tapped every 10 minutes. After the incubation
period, floating cells were gathered and transferred into a separate 50 ml tube for each
T75-flask. We then harvested still adherent MdM by adding 10 ml of PBS to each flask,
mechanically scraping and then collecting the cells into their corresponding 50 ml tube.
The detached MdM were centrifuged at 300 x g for 10 minutes at +21° C and the
supernatant was discarded. We resuspended the cell pellets in 5 ml of complete me-
dium for each 50 ml tube. Cell number as well as viability was assessed using the
trypan blue exclusion method and a hemocytometer. For each sample 100 000 to 150
000 cells were then aliquoted into round bottom fluorescence activated cell sorting
(FACS) tubes, for the unstained controls 200 000 to 300 000 cells were used. We
added 2 ml of pre-chilled FACS buffer (+4° C) (Chap. 2.2.1) to the samples, centrifuged
the tubes for 5 minutes at 300 x g at +21° C and discarded the supernatant. Following,
the MdM of each sample were either stained at their surface or intracellularly. Single
staining was done using the fluorochrome labelled antibodies shown in Tab. 12.

Table 12: Antibodies used for flow cytometry

Marker | Location Fluorochrome Excitation Emission Clone Amount
wave length | wave length [pI)/1-3 x 104
[nm] [nm] cells
CD14 cell surface | Alexa Fluor 468 | 650 671 M5E2 5
CcD68 intracellular | Alexa Fluor 468 | 650 671 eBioY1/ | 5
82A
CD80 cell surface | Brilliant  Violet | 405 421 2D10 5
421
CD86 cell surface | PE 488-561 578 IT2.2 5
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CCR7 cell surface | PE 488-561 578 3D12 5
(CD197)

CD1A cell surface | PE 488-561 578 SK9 5
CD163 | cell surface | FITC 498 517 GHI/61 | 5
CD206 | cell surface | PE 488-561 576 19.2 5
CD209 | cell surface | FITC 498 517 DCN46 | 5
Arg1 intracellular | Per-CP 482 710 AlexF5 | 1.25

For cell surface staining, the cells of each FACS tube were resuspended in 102.5 pl of
pre-chilled Fc-blocking buffer for FACS (+4° C) (Chap. 2.2.1) containing 2.5 pl of Fc-
block and incubated for 10 minutes on ice. Subsequently, cells were centrifuged for 5
minutes at 300 x g at +21° C, supernatant was discarded and cells were washed once
using the aforesaid adjustment for centrifugation and 2 ml of pre-chilled FACS buffer
(+4° C) each for all samples. The cells of each FACS tube were then resuspended in
100 pl of pre-chilled FACS buffer (+4° C). The appropriate amount of fluorescence-
labelled antibody, as listed in Tab. 12, was added to the corresponding tube and un-
stained samples were used as controls. We then incubated the samples for 30 minutes
on ice in the dark. Afterwards, cells were centrifuged for 5 minutes at 300 x g at +21°
C, supernatant was discarded and cells were washed twice using the aforesaid adjust-
ment for centrifugation and 2 ml of pre-chilled FACS buffer (+4° C) each for all samples.
For fixation, the samples were then resuspended in 250 pl of ice-cold BD Cytofix and
incubated for 15 minutes on ice in the dark. Afterwards, 2 ml of pre-chilled FACS buffer
(+4° C) was added to each sample and centrifugation for 5 minutes at 300 x g at +21°
C was done. Supernatant was discarded and the cells were washed once more with 2
ml of FACS buffer and the latter adjustment for centrifugation. We then resuspended
the MdM in 500 pl of pre-chilled FACS buffer (+4° C) for measurement.

As to intracellular staining, cells were fixed and permeabilized in the first step. For this
purpose, MdM were resuspended in 250 ul ice-cold BD Cytofix and were incubated for
15 minutes on ice in the dark. Following, we added 2 ml of pre-chilled FACS buffer
(+4° C) to each sample and centrifugation for 5 minutes at 300 x g at +21° C was done.
The supernatant was discarded and the cells were washed with another 2 ml of pre-
chilled FACS buffer (+4° C) with the aforesaid adjustment for centrifugation. The cells
were then resuspended in 50 pl of ice-cold FACS buffer, 450 ul of 90 % ice-cold meth-
anol was added to every sample and incubation for 10 minutes on ice in the dark was
done. Adjacently, we adjoined 2 ml of ice-cold FACS buffer and centrifuged the sam-

ples for 5 minutes at 300 x g at +21° C. The cells of each FACS tube were resuspended
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in 102.5 pl of pre-chilled FACS Fc-blocking buffer (+4° C) containing 2.5 yl of Fc-block
and incubated for 10 minutes on ice. Subsequently, cells were centrifuged for 5
minutes at 300 x g at +21° C, supernatant was discarded and cells were washed once
using the aforesaid adjustment for centrifugation and 2 ml of pre-chilled FACS buffer
(+4° C) each for all samples. Supernatant was discarded and cells were resuspended
in 100 pl of ice-cold FACS buffer each for staining. The appropriate amount of fluores-
cence-labelled antibody either against CD68 or against Arg1, as listed in Tab. 12, was
added to the corresponding tube. The cells were incubated for 30 minutes on ice in the
dark and afterwards centrifuged for 5 minutes at 300 x g at +21° C to discard the su-
pernatant. 2 times of washing each with 2 ml of FACS buffer per sample and an ad-
justment of centrifugation with 5 minutes at 300 x g at +21° C was done. After discard-
ing the supernatant, every sample was resuspended in 500 pl of ice-cold FACS buffer

for measurement.

The stained samples were either directly analyzed by means of FACS or kept at +4° C
in the dark for up to 24 hours until their future measurement. Flow cytometric meas-
urements were conducted using FACSCalibur. As a start, the appropriate cell popula-
tions were identified assessing forward scatter and side scatter for MO-, M1- and M2-
MdM, respectively. Subsequently, for each specimen, minimum 10 000 events were
recorded and antibody-mediated fluorescence was contrasted with unstained controls.
The acquired data were processed using FlowJo software and are presented as
marker expression [%] for all of the markers tested and as mean fluorescence intensity
(MFI) concerning CD206.

2.6.8 Characterization of MdM using CLSM
The protocol concerning phalloidin and antibody staining as well as imaging using
CLSM was established by Hannah Conrady. Staining and imaging was done in collab-

oration with Hannah Conrady.

Lastly, the polarized MdM were examined using CLSM in order to confirm the charac-
terization implemented afore. For this purpose, cell morphology was evaluated via cy-
toskeleton staining using phalloidin and surface marker expression of CCR7 and
CD209 was tested using specific primary and fluorescently labelled secondary
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antibodies. CCR7 as well as CD209 were chosen based on our preliminary studies
(data not shown) as well as contingent to their specificity as disclosed within the flow
cytometric investigations (Chap. 3.3). Concomitant with the cytoskeleton or surface
marker staining, deep red anthraguinone (DRAQ) 5 was employed for staining of the
nuclei. As CLSM imaging could not be conducted using tissue culture flasks, MdM
were collected following to their differentiation and were seeded onto tissue culture

plastic coverslips as to their polarization.

To this, the coverslips were transferred each into a well of a non-treated 24-well plate.
MdM were then harvested from a T75-flask on day 6 of differentiation. Supernatant
was discarded and the adherent MdM were washed once with 15 ml PBS at room
temperature. Following, 10 ml of pre-warmed Accutase (+37° C) was added to the T75-
flask and the cells were incubated for 30 minutes at +37° C and 5 % CO.. In order to
facilitate the detachment of the MdM, we additionally tapped the T75-flask every 10
minutes. Subsequent to the incubation, floating cells were gathered and transferred
into a 50 ml tube. MdM that were still adherent to the T75-flask were then harvested
by adding 10 ml of PBS to the flask, mechanically scraping and eventually collecting
the cells into the 50 ml tube. We centrifuged the detached MdM at 300 x g for 10
minutes at +21° C and discarded the supernatant. The cell pellet was resuspended in
50 ml of pre-warmed complete medium (+37° C) and cell number as well as viability
was determined using the trypan blue exclusion method and a Neubauer chamber.
Following to another centrifugation at 300 x g for 10 minutes at +21° C, a cell suspen-
sion with 160 000 MdM per 1 ml of pre-warmed complete medium (+37° C) was pre-
pared. To each coverslip, we then added 1 ml of the latter cell suspension. The cell
suspension was pipetted directly onto the coverslips to direct cellular interaction with
the surface. In order to obtain MO-MdM, cells were left incubating in complete medium
without any polarizing agents. M1-polarization was induced via addition of IFNy at 50
ng/ml and LPS at 10 ng/ml. For the M2-phenotype, MdM were treated with 20 ng/ml
IL4 and 20 ng/ml IL13. All MdM were incubated for 2 days at +37° C and 5 % CO..

For the evaluation by means of CLSM, cells were fixed immediately after their polari-

zation and staining as well as imaging were followed up within 1 to 6 weeks thereafter.

On day 2 of polarization, we gently washed the adherent MdM twice with 800 pl PBS
per coverslip. Subsequently, fixation buffer for CLSM (Chap. 2.2.17) was added to the
cells, using 300 pl of 3 % PFA in PBS for the coverslips. The MdM were incubated for
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20 minutes at room temperature. Fixation buffer for CLSM was then discarded and all
coverslips were washed 3 times in 400 ul PBS. We either stained the adherent cells
immediately after fixation or kept the coverslips each in 1 ml of storage buffer for CLSM
containing PBS + 1 % P/S (Chap. 2.2.1) at +4° C with the 24-well plate being sealed with
parafilm until their future staining. After storage, cells were washed twice with 800 pl
PBS per coverslip.

For cytoskeleton staining with phalloidin, the MdM were permeabilized with 400 pl
CLSM permeabilization buffer (Chap. 2.2.1) containing 0.2 % Triton 100X in PBS for 10
minutes. The supernatant was discarded and cells were gently washed in 400 pl PBS
3 times. To prevent unspecific binding, the MdM were then incubated with 500 pl stain-
ing buffer for CLSM (Chap. 2.2.1) each for 30 minutes at room temperature. We dis-
carded the staining buffer for CLSM and gently washed the cells twice in 500 pl PBS.
Phalloidin was diluted in PBS + 1 % BSA to a final concentration of 5 yg/ml and co-
verslips were incubated with 300 pl of the latter solution. The samples were incubated
for 40 minutes at room temperature in the dark. Following, the supernatant was dis-
carded and the coverslips were gently washed 3 times with 400 yl PBS with an incu-
bation period of 3 minutes for each repeat of washing. Eventually, counterstaining of
the nuclei was done with DRAQS. For this purpose, DRAQ5 was diluted in PBS to a
final concentration of 10 yM and the cells were washed once with 400 ul of PBS per
coverslip. We then added 300 pl of diluted DRAQS to the coverslips. The MdM were
incubated for 15 minutes at room temperature in the dark. The supernatant was then
discarded and the coverslips were gently washed in 400 ul of PBS once. We com-
pletely removed the PBS and the coverslips were transferred to microscope slides
each. Mounting medium was added using 7 drops for the coverslips. After 5 minutes
of incubation at room temperature in the dark, the coverslips were covered with cover
glasses and let drying for 1 hour. Subsequently, we sealed the edges of the cover
glasses with clear nail polish and stored the stained coverslips at +4° C in the dark until
their future imaging.

For staining of the cell surface markers CCR7 and CD209, the MdM were incubated
with 500 pl of staining buffer for CLSM for 30 minutes at room temperature to prevent
unspecific binding. We then discarded the staining buffer for CLSM and added primary
antibodies against either CCR7 or CD209 diluted in staining buffer for CLSM perform-

ing either single- or co-staining. The primary antibody concentrations as well as the
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volumes used are listed in Tab. 13. A total volume of 300 ul was added to the coverslips.

The adherent cells were incubated for 60 minutes at room temperature.

Table 13: Concentration and volume of primary antibodies used for CLSM

Primary Stock con- | Final con- | Volume of | Volume of | Volume of | Volume of
antibody centration | centration | antibody CLSM antibody CLSM
per ml [ml] | staining per ml [ml] | staining
buffer per buffer per
ml [ml] ml [ml]
Single staining Co-staining
Mouse-anti- | 0.5 mg/ml 10 pg/ml 20 yl 980 pl 20 yl 975.5 yl
human
CCRY IgG
Rabbit-anti- | - 1:400 dilu- | 2.5 pl 997.5 pl 2.5yl
human tion
CD209 IgG

Following, the supernatant was discarded and the discs were gently washed 3 times

in 400 yl of wash buffer for CLSM. We added fluorochrome-labelled secondary anti-

bodies diluted in staining buffer for CLSM either doing single- or co-staining. The anti-

body concentrations as well as the volumes used are listed in Tab. 14. Incubation was

done for 60 minutes at room temperature in the dark.

Table 14: Concentration and volume of secondary antibodies used for CLSM

Secondary | Stock con- | Final con- | Volume of | Volume of | Volume of | Volume of

antibody centration | centration | antibody CLSM antibody CLSM
staining staining
buffer buffer

Single staining Co-staining

Goat- anti- | 2 mg/ml 5 pg/ml 2.5yl 997.5 ul 2.5yl 995 l

mouse 1gG

Alexa488

Goat anti- | - 1:200 dilu- | 2.5 pl 997.5 ul 2.5 ul

rabbit IgG tion

Cy3

Goat anti- | - 1:200 dilu- | 2.5l 997.5 ul - -

rabbit IgG tion

Alexa488

Again, the supernatant was discarded and the discs were gently washed 3 times with

400 pl of wash buffer for CLSM with an incubation period of 3 minutes for each repeat

of washing. Eventually, counterstaining of the nuclei was done with DRAQS as
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described afore (Chap 2.6.8). The coverslips were then transferred to glass slides each
and prepared as aforementioned (Chap 2.6.8) using mounting medium and cover

glasses. Storage was done at +4° C in the dark until their future imaging.

The stained samples were imaged using Leica TCS SP5 at a magnification of 25X to
provide for an overview, whereas either a 63X magnification or 2.5X zoom to the 25X
magnification was obtained for detailed assessment of morphology and marker ex-
pression. Images were acquired with a photomultiplier using CLSM with an argon laser
(488 nm), diode pumped solid state (DPSS) laser (561 nm) and helium-neon (HeNe)
laser (633 nm). At this point, we did not determine fluorescence intensity, as quantity
of CCR7 and CD209 was measured before using flow cytometry (Chap. 2.6.7, Chap. 3.3)
resulting in more precise results than deploying semi-quantitative CLSM analysis.

Following to successfully isolating monocytes, differentiating these cells towards po-
larized MdM as well as effectively and reliably characterizing the resultant cells (Chap.
3.1, Chap. 3.2, Chap. 3.3, Chap. 3.4) as delineated afore (Chap. 2.61, Chap. 2.6.2, Chap. 2.6.3,
Chap. 2.6.4, Chap. 2.6.5, Chap 2.6.6, Chap. 2.6.7, Chap. 2.6.8), the established protocol was to
be implemented investigating potential immunomodulatory effects of diverse titanium

biomaterial surfaces.

2.6.9 Cultivation and polarization of MdM on titanium surfaces

As to the implementation, differentiated MdM were cultivated and polarized on different
titanium surfaces to test for immunomodulatory influences. Ti-SLA discs as well as Ti-
Ana discs were used as titanium modifications and Ti-ma discs constituted the control
surfaces. Moreover, we deployed tissue culture plastic coverslips as further control
surfaces to the examined titanium discs as coverslips are optimally adjusted to cell

culture and allow for most natural cell behavior and growth in vitro.

Straight beforehand the cultivation of the MdM on the titanium surfaces, the Ti-ma-, Ti-
SLA- as well as Ti-Ana-discs were sterilized in 70 % ethanol for 30 minutes. Adjacently,
the discs were left to dry for 30 to 60 minutes and then transferred each into a well of
a non-treated 24-well plate. Furthermore, coverslips were also allotted each.
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For the cultivation and polarization of MdM on titanium surfaces, the PBMC were iso-
lated by means of density gradient centrifugation and monocytes were adhered and
differentiated towards MdM as described before (Chap. 2.6.1, Chap. 2.6.2, Chap. 2.6.3). On
day 6 of differentiation, we harvested MdM from the T75-flasks as abovementioned
(Chap. 2.6.8) using Accutase and mechanical scraping. Cell number and viability was
assessed deploying the trypan blue exclusion method as well as a Neubauer chamber
and a cell suspension with 160 000 MdM per 1 ml of pre-warmed complete medium
(+37° C) was prepared (Chap.2.6.8). To each well of the 24-well plates containing either
discs or coverslips, we then added 1 ml of the latter cell suspension. The cell suspen-
sion was pipetted directly onto the discs and coverslips to direct cellular interaction with
the surface. In order to obtain MO-polarization, cells were left incubating in complete
medium without any polarizing agents. M1-MdM again was induced through addition
of IFNy at 50 ng/ml and LPS at 10 ng/ml. For the M2-phenotype, MdM were treated
with 20 ng/ml IL4 as well as 20 ng/ml IL13. All MdM were incubated for 2 days at +37°
C and 5 % CO:a.

2.6.10 Evaluation of immunomodulatory effects using CCK8 cell proliferation
assay

To preclude direct adverse effects of the titanium surfaces regarding metabolism and
survival of the cultivated MdM, metabolic activity as a surrogate of viability, cell number
and proliferation was assessed using CCK8 cell proliferation assay. The assay was

done according to the manufacturer’s specific instructions.

To this end, on day 2 of polarization, supernatant was removed and collected for further
analysis using ELISA and BCA protein assay as described in Chap. 2.6.11. We then
gently washed the adherent MdM once with 1000 ul PBS at room temperature per disc.
In order to obviate falsification due to MdM adhering to the surface of the wells but not
contacting their respective disc, all discs and coverslips were each transferred to a well
of a new 24-well plate thereafter. Subsequently, 500 ul of pre-warmed complete me-
dium (+37° C) and 50 pl of CCK8 reagent was mixed and added to each well. The
plates were incubated for 1 hour at 37° C under protection from light.

For the purpose of analysis, 100 ul of supernatant from each well was transferred into
a separate well of a 96-well plate using doublets for each sample. The absorbance

was read at 450 nm. As to the subsequent analysis, CCK8-mediated optical density
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was normalized to a surface area of 10 mm? for each disc. Following, transformation
was done and the optical density of the MO-MdM cultivated on coverslips was defined

as reference. Results are presented as relative proliferation [%].

2.6.11 Evaluation of immunomodulatory effects using ELISA and BCA protein
assay

As to the evaluation of potential immunomodulatory effects of the different titanium
surfaces, polarized MdM were investigated regarding their secretion of cytokines using
ELISA. Since the previous characterization (Chap. 2.6.6, Chap. 3.2) accented secretion of
TNFa as a marker for M1-polarization and the secretion of CCL-13 as a marker for M2-

phenotype, the two latter cytokines were selected for further assessment.

On day 2 of polarization, supernatant of MO-, M1- or M2-polarized MdM, respectively,
was collected into a 15 ml tube and was centrifuged at 300 x g for 5 minutes at +21° C
for separation of suspended cells and debris. We then aliquoted the supernatant into
1.5 ml protein low-binding tubes and either immediately conducted ELISA and BCA
protein assay or kept the samples at -20° C until their future measurement. Repeated

freezing and thawing of the samples was avoided.

ELISA for measurement of both, TNFa as well as CCL-13, was done according to the
manufacturer’s specific instructions as described above (Chap. 2.6.6). Following, the
concentration of the secreted cytokines was calculated by means of the standard curve
according to the manufacturer’s specific instructions. As the adhered MdM on the one
hand could hardly be removed from the discs and on the other hand were needed for
continuative studies, the concentration of secreted cytokines could not be normalized
to the cell number as before (Chap. 2.6.6). Instead, we normalized the measured con-

centration to the concentration of total protein within the supernatant.

On this account, BCA protein assay was conducted as to the determination of the con-
centration of total protein using Thermo Fisher Scientific Pierce BCA protein assay Kkit.
The assay was done according to the manufacturer’'s specific instructions. Standards,
blanks as well as samples were tested as doublets. We firstly identified the proper
dilution of the diverse samples to be tested (data not shown).

All samples were diluted 1:5 using Ampuwa. To begin with, standards were prepared

according to the manufacturer’s specific instructions using Ampuwa and sole Ampuwa
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was employed as a blank (Tab. 15). We then prepared the working reagent for BCA
protein assay by mixing BCA reagent A and BCA reagent B at a ratio of 50:1 (Chap.
2.2.1). Next, 25 ul of standards, blanks or samples was pipetted into separate wells of
a 96-well plate each and 200 pl of working reagent for BCA protein assay was added,
respectively. The plate was mixed on a plate shaker for 30 seconds and incubated at
+37° C under protection from light for 30 minutes. After equilibration to room tempera-
ture the absorbance was read at 550 nm. Adjacently, the standard curve was gener-
ated and the concentration of total protein was calculated subject to the curve accord-
ing to the manufacturer’s specific instructions. As to prior dilution, concentration values
were then multiplied by their appropriate dilution factor. Lastly, normalization of the
concentration of secreted TNFo or CCL13, each, to the concentration of total protein

was done to express results as [pg/ml/mg of total protein].

Table 15: BSA standard dilution scheme for BCA protein assay

Volume of diluent [ul] | Volume and source of BSA [ul] | Final BSA concentration [ug/ml]

A 0 300 of stock 2000

B 125 375 of stock 1500

Cc 325 325 of stock 1000

D 175 175 of vial B dilution 750

E 325 325 of vial C dilution 500

F 325 325 of vial E dilution 250

G 325 325 of vial F dilution 125

H 400 100 of vial G dilution 25

[ 400 0 0 = blank

2.6.12 Evaluation of immunomodulatory effects using CLSM

The statistical analysis of CCR7 and CD209 fluorescence intensity was done by Leila
Mohammadnejad. Statistical analysis was done, notwithstanding that data resulting
from only 2 repeats concerning M1- and M2-MdM cultivated on coverslips, Ti-ma discs,
Ti-SLA-discs and Ti-Ana discs was available.
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As the MdM adherent to all titanium discs could hardly be detached and hence were
not available in sufficient quantity (data not shown), we forwent flow cytometrical anal-
ysis. Potential immunomodulatory effects on the cells were instead further investigated
using CLSM. For this purpose, MdM were stained for CCR7 as a marker of M1-polari-
zation as well as CD209 as a marker of M2-phenotype, since both markers were iden-
tified to be specific using flow cytometry as well as CLSM afore (Chap. 2.6.7, Chap. 2.6.8,
Chap. 3.3, Chap. 3.4). As before, DRAQS was employed for staining of the nuclei and the
cells’ morphology was depicted using cytoskeleton staining with phalloidin, addition-
ally. For the evaluation by means of CLSM, cells were fixed immediately after their
polarization and staining as well as imaging were followed up within 1 to 6 weeks there-
after.

On day 2 of polarization, following to the CCK8 cell proliferation assay (Chap. 2.6.10),
fixation was conducted as described afore (Chap. 2.6.8) using 300 ul of CLSM fixation
buffer for the coverslips and 400 pl of CLSM fixation buffer for the titanium discs. We
either stained the adherent cells immediately after fixation or kept the discs each in 1
ml of storage buffer containing PBS + 1 % P/S at +4° C until their future staining. After

storage, cells were washed twice with 800 ul PBS per disc.

For cytoskeleton staining with phalloidin, the MdM were permeabilized as abovemen-
tioned (Chap. 2.6.8). The supernatant was discarded and cells were gently washed in
400 ul PBS 3 times. To prevent unspecific binding, the MdM were then incubated with
CLSM staining buffer as delineated afore (Chap. 2.6.8). Phalloidin was then diluted as
aforementioned and coverslips were incubated with 300 pl of the latter solution, while
400 pl of the phalloidin solution was used for the discs (Chap. 2.6.8). Subsequently, the
supernatant was discarded and the discs and coverslips were washed 3 times with 400
pl PBS with an incubation period of 3 minutes for each repeat of washing. Counter-
staining of the nuclei was then done with DRAQS as described afore (Chap. 2.6.8) using
300 pl of diluted DRAQS for the coverslips and 400 ul of diluted DRAQS5 for the titanium
discs. The supernatant was then discarded and the discs were gently washed in 400
ul of PBS once. We completely removed the PBS and transferred the coverslips to
glass slides each, whereas the titanium discs were separately put into a cell culture
plate. Mounting medium was added using 7 drops for the coverslips and 1 drop for
each titanium disc. After 5 minutes of incubation at room temperature in the dark, the

cover slips and the titanium discs were covered with cover glasses and let drying for 1
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hour. Subsequently, we sealed the edges of the cover glasses with clear nail polish
and stored the stained coverslips and titanium discs at +4° C in the dark until their

future imaging.

For staining of the cell surface markers CCR7 and CD209, the MdM were incubated
with CLSM staining buffer for 30 minutes as noted before (Chap. 2.6.8) to prevent un-
specific binding. We then discarded the CLSM staining buffer and added primary anti-
bodies against CCR7 and CD209 diluted in staining buffer for CLSM as aforemen-
tioned (Chap. 2.6.8) performing either single- or co-staining. The antibody concentrations
as well as the volumes used are listed in Tab. 13. A total volume of 300 pl was added
to the coverslips and 400 pl were used for the titanium discs. Following, the superna-
tant was discarded and the discs were gently washed 3 times in 400 ul of wash buffer
for CLSM. We added fluorochrome-labelled secondary antibodies diluted in staining
buffer for CLSM either doing single- or co-staining as described afore (Chap. 2.6.8). The
antibody concentrations as well as the volumes used are listed in Tab. 14. Again, the
supernatant was discarded and the discs were gently washed 3 times with 400 pl of
wash buffer for CLSM with an incubation period of 3 minutes for each repeat of wash-
ing. Eventually, counterstaining of the nuclei was done with DRAQS as abovemen-
tioned (Chap. 2.6.8). using 300 ul of diluted DRAQS5 for the coverslips and 400 pl of
diluted DRAQS for the titanium discs. The coverslips were then transferred to glass
slides each, whereas the titanium discs were separately put into a cell culture plate
and both were prepared as aforementioned (Chap 2.6.11) using mounting medium and

cover glasses. Storage was done at +4° C in the dark until their future imaging.

The stained samples were imaged using Leica TCS SP5 at a magnification of 25X to
provide for an overview, whereas either a 63X magnification or 2.5X zoom to the 25X
magnification was obtained for detailed assessment of the morphology and the marker
expression. Images were acquired with a photomultiplier using CLSM with an argon
laser (488 nm), DPSS laser (561 nm) and HeNe laser (633 nm). Fluorescence intensity
of CCR7 and CD209 was determined using Imaged software. Hereunto, images were
converted to 8-bit binary images, a threshold was set and the mean grey value of each
image was determined. For each polarization state of the MdM as well as surface 3
images were analyzed at a time. Following, fluorescence intensity of either CCR7 or
CD209 was normalized to DRAQS5 fluorescence intensity and means of the 3 images

were calculated. Results are expressed as fluorescence intensity.
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2.7 Statistics

All data are presented as mean = standard error of the mean (SEM). Statistical analysis
was performed using GraphPad Prism software. Data were first checked for outliers
and normality was tested. As indicated in the figure legends, as to normally distributed
data one-way analysis of variance (ANOVA) followed by Tukey’s multiple test was ex-
erted. In contrast, Friedman test and Dunn’s multiple comparison test or Kruskal-Wallis
test and Dunn’s multiple comparison test were used for non-parametric paired or non-
parametric unpaired data sets, respectively. n denotes the number of experimental
repeats with different MdM specimens to ensure reproducibility. As different MdM
specimens could react heterogeneously to experimental stimuli, we tested the same
MdM specimens for control and experimental set up within one repeat. Statistical sig-
nificance was defined as a p-value p < 0.05.
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3 Results

The established protocol disclosed afore (Chap. 2.6.1, Chap. 2.6.2, Chap. 2.6.3, Chap. 2.6.4)
allowed for a reliable as well as reproducible isolation of monocytes, their differentiation
towards MdM as well as eventually the MdM polarization to the M1- and M2-phenotype.
Regarding the PBMC isolation, 72 ml of whole blood resulted in a total of 106.4 x 10°
+12.21 x 106 PBMC (n = 5). These cells in turn yielded 5.93 x 108 + 0.62 x 108 MdM

(n = 5) following to monocyte adhesion and MdM differentiation.

3.1 Morphologic characterization of MdM using light microscopy

Concerning the characterization of the resultant MdM, as a start, cells were regularly
assessed using light microscopy and images were taken at 10X and 20X magnification.
To this, monocytes were differentiated towards MdM using complete medium with 10
ng/ml M-CSF for 6 days. As illustrated in Fig. 9, during their differentiation towards MdM,
monocytes transitioned from a rather round conformation to a flattened, irregular and
extended shape partly exhibiting elongation. Moreover, differentiation was marked by

an increase in cell volume.
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Figure 9: Morphology of monocytes during their differentiation towards MdM. Representative
monocyte and MdM phenotype using light microscopy during incubation with complete medium with 10
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ng/ml M-CSF to induce differentiation towards MdM. A Monocytes/MdM on day 2 of differentiation, 10X
magnification, B Monocytes/MdM on day 2 of differentiation, 20X magnification, C Monocytes/MdM on
day 4 of differentiation, 10X magnification, D Monocytes/MdM on day 4 of differentiation, 20X magnifi-
cation, E MdM on day 6 of differentiation, 10X magnification, F MdM on day 6 of differentiation, 20X
magnification.

Following to differentiation, treatment with complete medium without any polarizing
agents, complete medium with 50 ng/ml IFNy and complete medium with 10 ng/ml LPS
or 20 ng/ml IL4 and 20 ng/ml IL13 for 2 days was undertaken to allow for polarization
to the MO-, M1- or M2-phenotype, respectively. As shown in Fig. 10, MO-MdM main-
tained an irregular and extended constitution with some cells being elongated. M1-
MdM exhibited a round phenotype with only few cells being extended effectuating a
rather consistent morphology. In contrast, M2-MdM showed distinct elongation as well

as stellate-like branching as to most cells.

Figure 10: Morphology of M0-, M1- and M2-MdM. Representative MdM phenotype using light mi-
croscopy following incubation with complete medium without addition of polarizing agents, complete
medium with 50 ng/ml IFNy and 10 ng/ml LPS or 20 ng/ml IL4 and 20 ng/ml IL13 for 2 days to induce
MO-, M1- or M2-polarization, respectively. A MO-MdM, 10X magnification, B MO-MdM, 20X magnifica-
tion, C M1-MdM, 10X magnification, D M1-MdM, 20X magnification, E M2-MdM, 10X magnification, F
M2-MdM, 20X magnification.
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3.2 Characterization of MdM using ELISA
Moreover, MO-, M1- and M2-MdM were analyzed concerning their cytokine secretion
by means of ELISA. On this, TNFa concentration in the cell culture supernatant was

determined concerning M1-polarization, whereas secretion of CCL13 and CCL17 as
markers of the M2-phenotype was evaluated.

3.2.1 Secretion of TNFa

Secretion of the cytokine TNFa is commonly ascribed to M1-MdM and therefore re-
garded as a marker of M1-polarization. As to the characterization of the polarized MdM,
TNFa concentration in the cell culture supernatant was therefore studied using ELISA.
Prior to the measurement, the MdM were polarized for 2 days using complete medium
without any polarizing agents, complete medium with addition of 50 ng/ml IFNy and 10
ng/ml LPS as well as complete medium with addition of 20 ng/ml IL4 and 20 ng/ml IL13
for the MO-, M1- and M2-phenotype, respectively. As depicted in Fig. 11, the TNFa
concentration in the cell culture supernatant was specifically and significantly in-
creased for the M1-phenotype compared to the MO- and M2-MdM. The arithmetic
means + SEM of the TNFa concentration for n = 5 repeats were 1.02 + 0.28
pg/ml/1x108 cells, 901.50 + 205.60 pg/ml/1x10° cells and 4.63 + 1.33 pg/ml/1x10° cells
for the MO-, M1- and M2-MdM, respectively.
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Figure 11: MdM secretion of TNFa subsequent to polarization to M0-, M1-, and M2-phenotype.
Arithmetic means = SEM (n = 5) of TNF o concentration [pg/mil/1x108 cells] in the cell culture supernatant
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after polarization to MO- (grey), M1- (green) and M2- (red) MdM for 2 days using ELISA. **p < 0.01
indicates significant difference (one-way ANOVA).

3.2.2 Secretion of CCL13

Furthermore, secretion of the cytokine CCL13 is regarded to be specific for M2-MdM.
Hence, the concentration of CCL13 was analyzed using ELISA in view of a marker of
M2-polarization as to characterize the MdM. Prior to the measurement, the MdM were
polarized for 2 days using complete medium without any polarizing agents, complete
medium with addition of 50 ng/ml IFNy and 10 ng/ml LPS as well as complete medium
with addition of 20 ng/ml IL4 and 20 ng/ml IL13 for the MO-, M1- and M2-phenotype,
respectively. CCL13 was distinctly elevated regarding M2-polarization and moreover,
the increase was significant as compared to MO-MdM. As represented in Fig. 12., the
arithmetic means + SEM of the CCL13 concentration for n = 5 repeats are 16.77 £ 5.35
pg/ml/1x108 cells, 17.78 + 5.65 pg/ml/1x108 cells and 1624.00 + 524.30 pg/ml/1x10°
cells for the MO-, M1- and M2-MdM, respectively.
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Figure 12: MdM secretion of CCL13 subsequent to polarization to M0-, M1-, and M2-phenotype.
Arithmetic means = SEM (n = 5) of CCL13 concentration [pg/mi/1x10° cells] in the cell culture superna-
tant after polarization to MO- (grey), M1- (green) and M2- (red) MdM for 2 days using ELISA. *p < 0.05
indicates significant difference (Friedman test).

3.2.3 Secretion of CCL17
Lastly, the cytokine CCL17 is also considered to be specifically secreted by M2-MdM
and therefore classified to be a marker of M2-polarization. Accordingly, we studied the
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CCLA17 concentration in the cell culture supernatant. Subsequent to the polarization of
the MdM for 2 days using complete medium without any polarizing agents, complete
medium with addition of 50 ng/ml IFNy and 10 ng/ml LPS and complete medium with
addition of 20 ng/ml IL4 and 20 ng/ml IL13 for the MO-, M1- and M2-phenotype, re-
spectively, ELISA was done. Fig. 12 shows an elevated concentration of CCL17 specific
for M2-MdM being significantly different from the secretion of MO-MdM. The arithmetic
means + SEM of the CCL17 concentration for n = 3 repeats were 49.59 + 41.96
pg/ml/1x108 cells, 216.70 + 104.60 pg/ml/1x108 cells and 3505.00 + 471.5 pg/ml/1x10°
cells for the MO-, M1- and M2-MdM, respectively.
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Figure 13: MdM secretion of CCL17 subsequent to polarization to M0-, M1-, and M2-phenotype.
Arithmetic means = SEM (n = 3) of CCL17 concentration [pg/ml/1x10° cells] in the cell culture superna-
tant after polarization to MO- (grey), M1- (green) and M2- (red) MdM for 2 days using ELISA. *p < 0.05
indicates significant difference (Friedman test).

3.3 Characterization of MdM using flow cytometry

Furthermore, the MO- as well as the polarized M1- and M2-MdM were characterized
regarding to their expressed surface or intracellular markers, respectively, using FACS.
To this, we studied CD14 as well as CD68 correspondent to pan-markers, CD80, CD86
and CCRY7 as markers for the M1-phenotype and CD1A, CD163, CD206, CD209 as

well as Arg1 as markers for the M2-polarization.
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3.3.1 Expression of CD14

The surface marker CD14 is commonly considered to be a pan-marker for monocytes
and M®. As to the characterization of the polarized MdM, the CD14 expression was
therefore studied flow cytometrically. Prior to the measurement, the MdM were polar-
ized for 2 days using complete medium without any polarizing agents, complete me-
dium with addition of 50 ng/ml IFNy and 10 ng/ml LPS as well as complete medium
with addition of 20 ng/ml IL4 and 20 ng/ml IL13 for the MO-, M1- and M2-phenotype,
respectively. As shown in Fig. 14, CD14 expression was high for all MdM, irrespective
of their polarization. Moreover, the level of expression was significantly increased for
MO- and M1-MdM, each compared to the M2-phenotype. The representative histogram
depicts a distinct increase of the Alexa 647 fluorescence of all MdM-phenotypes, being
most pronounced for the MO- and M1-polarization. The arithmetic means + SEM of the
percentage of CD14 expression for n = 3 repeats are 98.57 £ 0.29 %, 99.13 £ 0.12 %
and 79.63 + 3.52 % for the MO-, M1- and M2-MdM, respectively.
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Figure 14: MdM expression of CD14 subsequent to polarization to M0-, M1- and M2-phenotype.
A Representative histogram of Alexa 647 fluorescence of MdM using flow cytometric assessment fol-
lowing their polarization to MO- (grey area), M1- (green area), and M2- (red area) phenotype for 2 days.
Referentially, autofluorescence of unstained MdM is depicted for MO- (grey line), M1- (green line) and
M2- (red line) phenotype. B Arithmetic means + SEM (n = 3) of MdM CD14 expression [%] following
their polarization to MO- (grey), M1-(green), and M2- (red) phenotype for 2 days. **p < 0.01 indicates
significant difference (one-way ANOVA).
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3.3.2 Expression of CD68

As furthermore the intracellular marker CDG68 is generally regarded to be a pan-marker
for monocytes and M®, the CD68 expression of the polarized MdM was also analyzed.
To this, the MdM were either treated for 2 days with complete medium without any
polarization agents, complete medium with 50 ng/ml IFNy and 10 ng/ml LPS or com-
plete medium with 20 ng/ml IL4 and 20 ng/ml IL13 to allow for polarization towards the
MO-, M1 or M2-phenotype, respectively. The cells were then analyzed concerning their
CD68 expression by means of flow cytometry. Fig. 15 depicts a minor expression of
CD68 without any significant difference between the M0O-, M1- and M2-polarization with
M1-MdM showing an increased expression by trend. The representative histogram il-
lustrates only a slight increase of Alexa 647 fluorescence for the MdM, irrespective of
their polarization, compared to the unstained cells. The arithmetic means + SEM of the
percentage of CD68 expression for n = 3 repeats were 5.55 + 5.42 %, 13.29 + 12.95
% and 8.02 £ 5.44 % for the MO-, M1- and M2-MdM, respectively.
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Figure 15: MdM expression of CD68 subsequent to polarization to M0-, M1- and M2-phenotype.
A Representative histogram of Alexa 647 fluorescence of MdM using flow cytometric assessment fol-
lowing their polarization to MO- (grey area), M1- (green area), and M2- (red area) phenotype for 2 days.
Referentially, autofluorescence of unstained MdM is depicted for MO- (grey line), M1- (green line) and
M2- (red line) phenotype. B Arithmetic means + SEM (n = 3) of MdM CD68 expression [%] following
their polarization to MO- (grey), M1-(green), and M2- (red) phenotype for 2 days. ns indicates non-sig-
nificancy (Friedman test).
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3.3.3 Expression of CD80

The surface marker CD80 is commonly classified as a marker of M1-polarization. As
to the characterization of the polarized MdM, we thus studied the expression of CD80
by means of flow cytometry. For this purpose, prior to the measurement, the MdM were
polarized for 2 days using complete medium without any polarizing agents, complete
medium with addition of 50 ng/ml IFNy and 10 ng/ml LPS as well as complete medium
with addition of 20 ng/ml IL4 and 20 ng/ml IL13 for the MO-, M1- and M2-phenotype,
respectively. Fig. 16 shows a significant increase of the CD80 expression of M1-MdM
compared to MO- as well as M2-MdM. Still, the MO- and the M2-phenotype both ex-
pressed CD80, although M2-MdM were marked by a significantly higher expression
compared to MO-MdM. The representative histogram depicts a distinct increase of the
Brilliant Violet 421 fluorescence of M1-MdM relating to MO- and M2-MdM, as well as a
slight increase of the Brilliant Violet 421 fluorescence of M2-MdM compared to MO-
MdM. The arithmetic means + SEM of the percentage of CD80 expression for n = 5
repeats were 36.24 + 8.36 %, 99.22 £ 0.17 % and 67.28 £ 4.36 % for the M0O-, M1- and
M2-MdM, respectively.
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Figure 16: MdM expression of CD80 subsequent to polarization to M0-, M1- and M2-phenotype.
A Representative histogram of Brilliant Violet 421 fluorescence of MdM using flow cytometric
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assessment following their polarization to MO- (grey area), M1-(green area), and M2- (red area) pheno-
type for 2 days. Referentially, autofluorescence of unstained MdM is depicted for MO- (grey line), M1-
(green line) and M2- (red line) phenotype. B Arithmetic means + SEM (n = 5) of MdM CD80 expression
[%] following their polarization to MO- (grey), M1- (green), and M2- (red) phenotype for 2 days. **p <
0.01 and ****p < 0.0001 indicate significant difference (one-way ANOVA).

3.3.4 Expression of CD86

The surface marker CD86 is generally regarded as another marker of the M1-pheno-
type. For the purpose of characterization of the polarized MdM, the expression of CD86
was hence analyzed. Subsequent to the polarization of the MdM for 2 days using com-
plete medium without any polarizing agents, complete medium with addition of 50
ng/ml IFNy and 10 ng/ml LPS and complete medium with addition of 20 ng/ml IL4 and
20 ng/ml IL13 for the MO-, M1- and M2-phenotype, respectively, flow cytometry was
done. As presented in Fig. 17, the surface marker CD86 was highly and nonspecifically
expressed by all MdM, irrespective of their polarization. The representative histogram
illustrates high PE fluorescence for the MO-, M1- as well as M2-phenotype. The arith-
metic means + SEM of the percentage of CD86 expression for n = 3 repeats were
99.30 + 0.21, 99.60 = 0.06 and 99.37 + 0.07 for the MO-, M1- and M2-MdM, respec-
tively.
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Figure 17: MdM expression of CD86 subsequent to polarization to M0-, M1- and M2-phenotype.
A Representative histogram of PE fluorescence of MdM using flow cytometric assessment following
their polarization to MO- (grey area), M1- (green area), and M2- (red area) phenotype for 2 days. Refer-
entially, autofluorescence of unstained MdM is depicted for MO- (grey line), M1- (green line) and M2-
(red line) phenotype. B Arithmetic means + SEM (n = 3) of MdM CD86 expression [%] following their
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polarization to MO- (grey), M1-(green), and M2- (red) phenotype for 2 days. ns indicates non-significancy
(Friedmann test).

3.3.5 Expression of CCR7

As moreover the surface marker CCR7 is commonly considered to be a marker of M1-
phenotype, the CCR7 expression of the polarized MdM was also studied. To this, the
MdM were either treated for 2 days with complete medium without any polarization
agents, complete medium with 50 ng/ml IFNy and 10 ng/ml LPS or complete medium
with 20 ng/ml IL4 and 20 ng/ml IL13 to allow for polarization to the M0O-, M1 or M2-
phenotype, respectively. The cells were then analyzed concerning their CCR7 expres-
sion by means of flow cytometry. Fig. 18 depicts a significant as well as specific increase
of the CCR7 expression of M1-MdM compared to M0O- and M2-MdM. The representa-
tive histogram shows a distinct and specific increase of PE fluorescence of M1-MdM.
The arithmetic means + SEM of the percentage of CCR7 expression for n = 3 repeats
were 5.21 + 2.45 %, 61.57 + 11.60 % and 1.61 £ 0.23 % for the MO-, M1- and M2-
MdM, respectively.
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Figure 18: MdM expression of CCR7 subsequent to polarization to M0-, M1- and M2-phenotype.
A Representative histogram of PE fluorescence of MdM using flow cytometric assessment following
their polarization to MO- (grey area), M1- (green area), and M2- (red area) phenotype for 2 days. Refer-
entially, autofluorescence of unstained MdM is depicted for MO- (grey line), M1- (green line) and M2-
(red line) phenotype. B Arithmetic means + SEM (n = 3) of MdM CCRY expression [%] following their
polarization to MO- (grey), M1-(green), and M2- (red) phenotype for 2 days. **p < 0.01 indicates signifi-
cant difference (one-way ANOVA)
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3.3.6 Expression of CD1A

Regarding the M2-polarization, the surface marker CD1A is considered to be charac-
teristic. We thus studied the CD1A expression for the purpose of characterization of
the polarized MdM. Subsequent to the polarization of the MdM for 2 days using com-
plete medium without any polarizing agents, complete medium with addition of 50
ng/ml IFNy and 10 ng/ml LPS and complete medium with addition of 20 ng/ml IL4 and
20 ng/ml IL13 for the MO-, M1- and M2-phenotype, respectively, flow cytometry was
done. As Fig. 19 shows, M2-MdM moderately but specifically expressed the surface
marker CD1A. Expression of M2-MdM was significantly heightened as compared to
MO- or M1-polarization. The representative histogram shows a slight increase in the
PE fluorescence for the M2-phenotype, whereas no increment results for the MO- as
well as M1-phenotype. The arithmetic means + SEM of the percentage of CD1A ex-
pression for n = 3 repeats were 4.01 £ 0.57, 2,23 £ 0.47 and 24.47 + 5.84 for the MO-,
M1- and M2-MdM, respectively.
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Figure 19: MdM expression of CD1A subsequent to polarization to M0-, M1- and M2-phenotype.
A Representative histogram of PE fluorescence of MdM using flow cytometric assessment following
their polarization to MO- (grey area), M1- (green area), and M2- (red area) phenotype for 2 days. Refer-
entially, autofluorescence of unstained MdM is depicted for MO- (grey line), M1- (green line) and M2-
(red line) phenotype. B Arithmetic means + SEM (n = 3) of MdM CD1A expression [%] following their
polarization to MO- (grey), M1-(green), and M2- (red) phenotype for 2 days. *p < 0.05 indicates significant
difference (one-way ANOVA).

67




3.3.7 Expression of CD163

Furthermore, the surface marker CD163 is commonly regarded as a marker of M2-
phenotype. CD163 expression was hence analyzed to characterize the polarized MdM.
To this, the latter cells were either treated for 2 days with complete medium without
any polarization agents, complete medium with 50 ng/ml IFNy and 10 ng/ml LPS or
complete medium with 20 ng/ml IL4 and 20 ng/ml IL13 to allow for polarization to the
MO-, M1 or M2-phenotype, respectively. The MdM were then flow cytometrically ana-
lyzed concerning their CD163 expression. Fig. 20 shows a considerable increment of
CD163 expression for MO- and M1- MdM, whereas the CD163 expression of the M2-
phenotype was only moderately increased. As compared to the M2-phenotype, the
CD163 expression of MO-MdM was significantly increased. The representative histo-
gram depicts a marked increase of FITC fluorescence for MO- as well as M1-MdM,
FITC fluorescence of M2-MdM in contrast is only slightly heightened. The arithmetic
means + SEM of the percentage of CD163 expression for n = 3 repeats were 66.73 +
4.92 %, 44.33 £ 10.47 % and 31.60 = 7.30 % for the MO-, M1- and M2-MdM, respec-

tively.
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Figure 20: MdM expression of CD163 subsequent to polarization to M0-, M1- and M2-phenotype.
A Representative histogram of FITC fluorescence of MdM using flow cytometric assessment following
their polarization to MO- (grey area), M1- (green area), and M2- (red area) phenotype for 2 days. Refer-
entially, autofluorescence of unstained MdM is depicted for MO- (grey line), M1- (green line) and M2-
(red line) phenotype. B Arithmetic means + SEM (n = 3) of MdM CD163 expression [%] following their
polarization to MO- (grey), M1-(green), and M2- (red) phenotype for 2 days. *p < 0.05 indicates significant
difference (one-way ANOVA).
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3.3.8 Expression of CD206

Likewise, the surface marker CD206 is commonly classified as a marker of M2-polari-
zation. In order to characterize the polarized MdM, we thus studied the expression of
CD206 by means of flow cytometry. To this, prior to measurement, the cells were po-
larized for 2 days using complete medium without any polarizing agents, complete me-
dium with addition of 50 ng/ml IFNy and 10 ng/ml LPS as well as complete medium
with addition of 20 ng/ml IL4 and 20 ng/ml IL13 for the MO-, M1- and M2-phenotype,
respectively. As illustrated in Fig. 21, CD206 expression was high for MO-, M1- as well
as M2-MdM, although the M2-phenotype CD206 expression wass most pronounced.
MO- as well as M2-MdM CD206 expression was significantly elevated compared to the
M1-phenotype. With reference to the CD206 MFI, M2-MdM showed significantly
heightened fluorescence intensity deviating from the MO- and M1-phenotype. The rep-
resentative histogram depicts a marked increase of the PE fluorescence of MO-, M1-
as well as M2-MdM being most pronounced for the M2-phenotype and least distinct for
the M1-phenotype. The arithmetic means + SEM of the percentage of CD206 expres-
sion for n = 5 repeats were 90.98 + 3.41 %, 75.72 + 3.66 % and 97.14 + 0.62 % for the
MO-, M1- and M2-MdM, respectively. The arithmetic means + SEM of the CD206 MFI
for n = 5 repeats were 1021 + 95.01, 768.8 + 106.2 and 2825 + 433.4 for the MO-, M1-
and M2-MdM, respectively.
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Figure 21: MdM expression and MFI of CD206 subsequent to polarization to M0-, M1- and M2-
phenotype. A Representative histogram of PE fluorescence of MdM using flow cytometric assessment
following their polarization to MO- (grey area), M1- (green area), and M2- (red area) phenotype for 2
days. Referentially, autofluorescence of unstained MdM is depicted for MO- (grey line), M1- (green line)
and M2- (red line) phenotype. B Arithmetic means + SEM (n = 5) of MdM CD206 expression [%] follow-
ing their polarization to MO- (grey), M1- (green), and M2- (red) phenotype for 2 days. *p < 0,01, ***p <
0,0003 indicates significant difference (one-way ANOVA). C Arithmetic means + SEM (n=5) of MdM
CD206 MFI following their polarization to MO- (grey), M1-(green), and M2- (red) phenotype for 2 days.
**p £ 0.01 and ***p < 0.0003 indicate significant difference (one-way ANOVA).

3.3.9 Expression of CD209

The surface marker CD209 is generally considered to be another marker verifying M2-
polarization. For the purpose of characterization of the polarized MdM, the CD209 ex-
pression was hence analyzed. Subsequent to the polarization of the MdM for 2 days
using complete medium without any polarizing agents, complete medium with addition
of 50 ng/ml IFNy and 10 ng/ml LPS and complete medium with addition of 20 ng/ml IL4
and 20 ng/ml IL13 for the MO-, M1- and M2-phenotype, respectively, flow cytometry
was done. Fig. 22 shows a significant as well as specific increase of the CD209 expres-
sion of M2-MdM compared to the MO- and M1-phenotype. The representative histo-
gram demonstrates a distinct and specific increase of FITC fluorescence of M2-MdM.
The arithmetic means + SEM of the percentage of CD209 expression for n = 3 repeats
were 9.67 £ 3.85 %, 3.72 £ 2.03 % and 75.70 + 3.84 % for the MO-, M1- and M2-MdM,
respectively.
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Figure 22: MdM expression of CD209 subsequent to polarization to M0-, M1- and M2-phenotype.
A Representative histogram of FITC fluorescence of MdM using flow cytometric assessment following
their polarization to MO- (grey area), M1- (green area), and M2- (red area) phenotype for 2 days. Refer-
entially, autofluorescence of unstained MdM is depicted for MO- (grey line), M1- (green line) and M2-
(red line) phenotype. B Arithmetic means + SEM (n = 3) of MdM CD209 expression [%] following their
polarization to MO- (grey), M1-(green), and M2- (red) phenotype for 2 days. ***p < 0.0003 indicates
significant difference (one-way ANOVA).

3.3.10 Expression of Arg1

Eventually, the intracellular marker Arg1 is also considered to indicate M2-polarization.
We therefore studied the Arg1 expression of the MdM so as to their characterization.
To this, the MdM were either treated for 2 days with complete medium without any
polarization agents, complete medium with 50 ng/ml IFNy and 10 ng/ml LPS or com-
plete medium with 20 ng/ml IL4 and 20 ng/ml IL13 to allow for polarization to the MO-,
M1 or M2-phenotype, respectively, before measurement by means of FACS. As illus-
trated in Fig. 23, neither of the MdM express the intracellular marker Arg1, irrespective
of their polarization. The representative histogram shows no increased PerCP fluores-
cence for all MdM-phenotypes. The arithmetic means + SEM of the percentage of Arg1
expression for n = 3 repeats are 0.1863 + 0.08, 0.32 £ 0.12 and 0.16 £ 0.04 for the MO-
, M1- and M2-MdM, respectively.
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Figure 23: MdM expression of Arg1 subsequent to polarization to M0-, M1- and M2-phenotype.
A Representative histogram of PerCP fluorescence of MdM using flow cytometric assessment following
their polarization to MO- (grey area), M1- (green area), and M2- (red area) phenotype for 2 days. Refer-
entially, autofluorescence of unstained MdM is depicted for MO- (grey line), M1- (green line) and M2-
(red line) phenotype. B Arithmetic means + SEM (n = 3) of MdM Arg1 expression [%] following their

polarization to MO- (grey), M1-(green), and M2- (red) phenotype for 2 days. ns indicated non-significancy
(one-way ANOVA).

3.4 Characterization of MdM using CLSM

At last, the MO-, M1- and M2-MdM were assessed concerning their morphology as well
as their surface marker expression using CLSM. Based on our preliminary studies
(data not shown) and as deducible from the flow cytometric investigations presented
afore (Chap. 3.3), the surface markers CCR7 as well as CD209 were presumed to be
specific regarding the M1- or the M2-phenotype, respectively, and were thus deployed
as surrogates for the correspondent polarization status hereinafter. Hence, to the MdM
characterization by means of CLSM, cytoskeletal staining was performed using phal-
loidin and surface markers CCR7 and CD209 were examined using specific primary
and fluorescently labelled secondary antibodies. Nuclei were counterstained deploying

DRAQS in the context of both, cytoskeletal as well as surface marker staining [77].

3.4.1 Cytoskeletal morphology
In order to evaluate the morphology of the MO-, as well as the polarized M1- and M2-

MdM, we stained the cells’ cytoskeletons using phalloidin as well as the nuclei
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employing DRAQS5. To this, the MdM were seeded onto coverslips following to their
differentiation. Treatment with complete medium without any polarization agents, com-
plete medium with 50 ng/ml IFNy and 10 ng/ml LPS or complete medium with 20 ng/ml
IL4 and 20 ng/ml IL13 for 2 days was undertaken to allow for polarization to the MO-,
M1- or M2-phenotype, respectively, before the assessment using CLSM. As depicted
in Fig. 24, MO-MdM featured a round morphology with a rather undefined structure of
their cytoskeleton. Similarly, M1-MdM also showed a round appearance. Yet, the cy-
toskeleton of these cells exhibited spiculae effectuating a star-shaped aspect. M2-
MdM, on the contrary, featured both, round as well as elongated cells with their cyto-
skeleton showing filopodia-like elongations to some extent.

MO-MdM M1-MdM M2-MdM

Figure 24: MdM cytoskeletal morphology subsequent to polarization to M0-, M1- and M2-phe-
notype. Representative cytoskeletal MdM morphology using CLSM with phalloidin as well as DRAQS
staining following incubation with complete medium without addition of polarizing agents, complete me-
dium with 50 ng/ml IFNy and 10 ng/ml LPS or complete medium with 20 ng/ml IL4 and 20 ng/ml IL13 for
2 days to induce MO-, M1- or M2-polarization, respectively. Polarization was undertaken adjacent to
seeding differentiated MdM onto coverslips. Green = phalloidin staining, pink = DRAQS staining. A MO-
MdM, 25X magnification, 2.5 X zoom, B M1-MdM, 25X magnification, 2.5X zoom, C M2-MdM, 25X
magnification, 2.5 X zoom.

3.4.2 Expression of CCR7 and CD209

Regarding the characterization of the polarized MdM, we lastly examined the expres-
sion of CCR7 and CD209 using CLSM. To this, differentiated MdM were seeded onto
coverslips and incubated with complete medium without any polarization agents, com-
plete medium with 50 ng/ml IFNy and 10 ng/ml LPS or complete medium with 20 ng/ml

IL4 and 20 ng/ml IL13 for 2 days to induce MO-, M1- or M2-polarization, respectively.
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Counterstaining of the nuclei was done utilizing DRAQS and cells were analyzed via
CLSM. Fig. 25 illustrates a strong and specific CCR7 expression of M1-MdM, whereas
MO- and M2-MdM exhibited only minor CCR7-related fluorescence. Contrarily, CD209
was distinctly and specifically expressed in M2-MdM. Neither MO-, nor M1-MdM fea-
tured relevant CD209 expression [77]. At this point, no fluorescence intensity was de-
termined, as quantity of CCR7 and CD209 was measured before using flow cytometry
(Chap. 2.6.7, Chap. 3.3) resulting in more precise results than deploying semi-quantitative
CLSM analysis.

MO0-MdM M1-MdM M2-MdM

Figure 25: MdM expression of CCR7 and CD209 subsequent to polarization to M0-, M1- and M2-
phenotype modified according to [77]. Representative expression of CCR7 and CD209 of MdM using
CLSM and antibody staining of the surface markers as well as DRAQS staining following incubation with
complete medium without addition of polarizing agents, complete medium with 50 ng/ml IFNy and 10
ng/ml LPS or complete medium with 20 ng/ml IL4 and 20 ng/ml IL13 for 2 days to induce MO-, M1- or
M2-polarization, respectively. Polarization was undertaken adjacent to seeding differentiated MdM onto
coverslips. Green = CCRY staining, red = CD209 staining, pink = DRAQS staining. A MO-MdM, 25X
magnification, 1X zoom, B MO-MdM, 25X magnification, 2.5X zoom, C M1-MdM, 25X magnification, 1X
zoom, D M1-MdM, 25X magnification, 2.5X zoom, E M2-MdM, 25X magnification, 1X zoom, F M2-MdM,
25X magnification, 2.5X zoom.
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In summary, the results presented afore (Chap. 3.1, Chap. 3.2, Chap. 3.3, Chap. 3.4) docu-
ment the successful establishment of a protocol for the isolation of monocytes, their
differentiation to MdM and eventually the polarization as well as the characterization of
the M1- and M2-phenotype. As to their morphology, M1-MdM were marked by a round
appearance, whereas M2-MdM were elongated with stellate-like branching. Tab. 16 pro-
vides a réesumé of the markers studied using ELISA, flow cytometry and CLSM. Due to
their specificity, secretion of TNFa as well as CCL13 and expression of the surface
markers CCR7 as well as CD209 were used as M1- and M2-markers, respectively, for
the subsequent implementation of the protocol.

Table 16: Markers studied for the characterization of M0-, M1- and M2-MdM using ELISA, FACS
and CLSM

Marker | Polarization | M0-MdM | M1-MdM | M2-MdM
ELISA
TNFa M1 - + -
CCL13 M2-marker - - +
CCL17 M2-marker - - +
FACS
CD14 Pan-marker + + +
CD68 Pan-marker - - -
CD80 M1-marker - + +/-
CD86 M1-marker + + +
CCR7 M1-marker - + -
CD1A M2-marker - - +
CD163 M2-marker + + +/-
CD206 M2-marker + - +
CD209 M2-marker - - +
Arg1 M2-marker - - -
CLSM
CCR7 M1-marker - + -
CD209 M2-marker - - +

In order to implement the protocol established afore, differentiated MdM were culti-
vated on titanium surfaces in the second part of this study to test forimmunomodulatory
influences of different biomaterial surfaces. To this, either Ti-SLA discs or Ti-Ana discs
were deployed as modified titanium surfaces and Ti-ma discs as well as tissue culture
plastic coverslips were utilized as control surfaces. Incubation on all surfaces was done
using complete medium without any polarization agents, complete medium with 50
ng/ml IFNy and 10 ng/ml LPS or complete medium with 20 ng/ml IL4 and 20 ng/ml IL13

for 2 days to allow for polarization to the M0-, M1 or M2-phenotype, respectively.
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Following, the polarized MdM were investigated using CCK8 cell proliferation assay,
ELISA as well as BCA protein assay and CLSM in order to assess potential immuno-

modulatory effects of the diverse biomaterial surfaces.

3.5 Evaluation of immunomodulatory effects using CCK8 cell pro-

liferation assay

CCKaS cell proliferation assay was conducted to control for direct adverse effects of the
titanium surfaces on the cultivated cells. At this juncture, metabolic activity was as-
sessed being a surrogate of MdM viability and cell number, thus enabling to determine
the relative proliferation of the cells. Prior to the measurement, MdM were cultivated
on the diverse titanium discs as well as on coverslips and polarization was induced
each using complete medium without any polarizing agents, complete medium with
addition of 50 ng/ml IFNy and 10 ng/ml LPS as well as complete medium with addition
of 20 ng/ml IL4 and 20 ng/ml IL13 for 2 days for the MO-, M1- and M2-phenotype,
respectively. As shown in Fig. 26, metabolic activity and thus relative proliferation is
high for all MdM, irrespective of their polarization. Moreover, MdM on all surfaces
tested showed a relative proliferation rate of similar extent. Neither polarization nor
biomaterial surface resulted in any significant difference of MdM metabolic activity.
Thus, regarding compatibility, Ti-SLA discs and Ti-Ana discs are assimilable to Ti-ma
discs and none of the surfaces tested has a significant, direct adverse effect on the
cultivated MdM. The arithmetic means + SEM of relative proliferation for n = 5 repeats
(for MO coverslip, MO Ti-ma, MO Ti-SLA, MO Ti-Ana, M1 coverslip, M1 Ti-ma, M2 co-
verslip, M2 Ti-ma) or for n = 3 (for M1 Ti-SLA, M1 Ti-Ana, M2 Ti-SLA, M2 Ti-Ana) were
99.99 £ 10.93 %, 91.41 £ 12.28 % and 105.0 + 15.15 % for MO-, M1-, and M2-MdM on
coverslips, 102.4 + 18.42 %, 86.72 + 12.32 % and 100.5 + 14.91 % for MO-, M1- and
M2-MdM on Ti-ma discs, 85.97 £ 10.59 %, 94.08 + 20.22 % and 102.4 £ 20.60 % for
MO-, M1- and M2-MdM on Ti-SLA discs as well as 90.92 + 15.72 %, 99.93 + 13.23 %
and 113.2 £ 16.28 % for MO-, M1- and M2-MdM on Ti-Ana discs.
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Figure 26: MdM relative proliferation on tissue culture plastic coverslips, Ti-ma discs, Ti-SLA
discs and Ti-Ana discs subsequent to polarization to M0-, M1- and M2-phenotype. Arithmetic
means = SEM (n = 5 for MO coverslip, MO Ti-ma, MO Ti-SLA, MO Ti-Ana, M1 coverslip, M1 Ti-ma, M2
coverslip, M2 Ti-ma; n = 3 for M1 Ti-SLA, M1 Ti-Ana, M2 Ti-SLA, M2 Ti-Ana) of MdM relative proliferation
[%] on coverslips, Ti-ma discs, Ti-SLA dics and Ti-Ana discs following their polarization to MO- (grey),
M1- (green), and M2- (red) phenotype for 2 days. ns indicated non-significancy (Kruskal-Wallis test).

3.6 Evaluation of immunomodulatory effects using ELISA and
BCA protein assay

In order to assess potential immunomodulatory effects of the diverse titanium surfaces
on the cultivated MdM, ELISA was conducted regarding the secretion of cytokines. As
determined afore (Chap. 3.2), TNFa as well as CCL13 were chosen as markers regard-
ing M1- and M2-polarization, respectively, due to their specificity and their accented
secretion. Moreover, BCA protein assay was complemented to normalize the cytokine
concentration to the amount of total protein secreted. Prior to the measurement, the
MdM were cultivated on the diverse titanium discs as well as on coverslips and polari-
zation was induced each using complete medium without any polarizing agents, com-
plete medium with addition of 50 ng/ml IFNy and 10 ng/ml LPS as well as complete
medium with addition of 20 ng/ml IL4 and 20 ng/ml IL13 for 2 days for the MO-, M1-
and M2-phenotype, respectively. Fig. 27 depicts TNFa secretion of MO-MdM as well as
of M1-MdM. As depicted, regarding both polarization states, neither of the surfaces
tested induced increased secretion of TNFa as compared to coverslips and Ti-ma
discs and thus Ti-SLA discs and Ti-Ana discs did not exert proinflammatory effects.
The arithmetic means + SEM of the TNFa concentration for n = 5 repeats were 36.69
1 17.91 pg/ml/mg of total protein, 47.07 + 11.00 pg/ml/mg of total protein, 37.30 £ 10.79
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pg/ml/mg of total protein and 56.57 + 20.86 pg/ml/mg of total protein for the MO-MdM
on coverslips, Ti-ma discs, Ti-SLA discs and Ti-Ana discs, respectively. The arithmetic
means + SEM of the TNFa concentration for n = 5 (M1 coverslip, M1 Ti-ma) or n = 3
(M1 Ti-SLA, M1 Ti-Ana) repeats were 807.60 + 96.46 pg/ml/mg of total protein, 781.10
+ 102.90 pg/ml/mg of total protein, 849.40 + 162.40 pg/ml/mg of total protein and
1024.00 + 427.10 pg/ml/mg of total protein for the M1-MdM on coverslips, Ti-ma discs,
Ti-SLA discs and Ti-Ana discs, respectively.
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Figure 27: MdM secretion of TNFa subsequent to polarization to MO- and M1-phenotype on co-
verslips, Ti-ma discs, Ti-SLA discs and Ti-Ana discs. A Arithmetic means + SEM (n = 5) of TNF«
concentration [pg/ml/mg of total protein] in the cell culture supernatant after polarization to MO-MdM for
2 days using ELISA. ns indicates non-significancy (Friedmann test). B Arithmetic means + SEM (n = 5
for M1 coverslip, M1 Ti-ma; n = 3 for M1 Ti-SLA, M1 Ti-Ana) of TNFa concentration [pg/ml/mg of total
protein] in the cell culture supernatant after polarization to M1-MdM for 2 days using ELISA. ns indicated
non-significancy (one-way ANOVA).

Fig. 28 depicts CCL13 secretion of MO-MdM as well as of M2-MdM. As illustrated, con-
cerning the MO-phenotype, CCL13 secretion of MdM cultivated on Ti-Ana discs was
significantly lower compared to Ti-ma discs. Besides, no other significant differences
of CCL13 concentration existed as to MO-MdM. Regarding the M2-phenotype, CCL13
secretion of MdM cultivated on Ti-Ana discs was significantly decreased compared to
M2-MdM cultivated on coverslips. No other significant differences of CCL13 concen-
tration existed as to M2-MdM. Both findings suggest a diminished anti-inflammatory
influence of Ti-Ana discs. The arithmetic means £+ SEM of the CCL13 concentration for

n = 5 repeats were 21.15 £ 5.49 pg/ml/mg of total protein, 38.55 + 4.04 pg/ml/mg of
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total protein, 30.97 £ 5.63 pg/ml/mg of total protein and 11.22 + 0.70 pg/ml/mg of total
protein for the MO-MdM on coverslips, Ti-ma discs, Ti-SLA discs and Ti-Ana discs,
respectively. The arithmetic means + SEM of the CCL13 concentration for n = 5 (M2
coverslip, M2 Ti-ma) or n = 3 (M2 Ti-SLA, M2 Ti-Ana) repeats were 571.10 £ 71.31
pg/ml/mg of total protein, 334.90 £ 61.91 pg/ml/mg of total protein, 422.50 + 60.47
pg/ml/mg of total protein and 1510 + 32.58 pg/ml/mg of total protein for the M2-MdM

on coverslips, Ti-ma discs, Ti-SLA discs and Ti-Ana discs, respectively.
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Figure 28: MdM secretion of CCL13 subsequent to polarization to M0- and M2-phenotype on
coverslips, Ti-ma discs, Ti-SLA discs and Ti-Ana discs. A Arithmetic means + SEM (n=5) of CCL13
concentration [pg/ml/mg of total protein] in the cell culture supernatant after polarization to MO-MdM for
2 days using ELISA. (one-way ANOVA). B Arithmetic means + SEM (n = 5 for M2 coverslip, M2 Ti-ma;
n = 3 for M2 Ti-SLA, M2 Ti-Ana) of CCL13 concentration [pg/ml/mg of total protein] in the cell culture
supernatant after polarization to M2-MdM for 2 days using ELISA. ** p < 0.01 indicates significant differ-
ence (one-way ANOVA).

3.7 Evaluation of immunomodulatory effects using CLSM

Eventually, potential immunomodulatory effects of the diverse titanium surfaces on the
cultivated MdM were tested using CLSM. Morphology of the MO-, M1- and M2-MdM
was evaluated as a start deploying phalloidin for cytoskeleton staining and DRAQS5 as
staining of the nuclei. To this, the MdM were seeded on coverslips following to their
differentiation. Treatment with complete medium without any polarizing agents, com-
plete medium with 50 ng/ml IFNy and 10 ng/ml LPS or complete medium with 20 ng/ml
IL4 and 20 ng/ml IL13 for 2 days was undertaken to allow for polarization to the MO-,

M1 or M2-phenotype, respectively, before the assessment using CLSM. As illustrated
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in Fig. 29, no major morphologic differences between the MdM cultivated on the differ-
ent surfaces could be determined. As stated afore (Chap. 3.4.1), independent of the re-
spective surface MO-MdM featured a round morphology, M1-MdM exhibited a round
shape with some star-shaped spiculae and M2-MdM were hallmarked by elongation.

Coverslip Ti-ma disc Ti-SLA disc Ti-Ana disc

Figure 29: MdM cytoskeletal morphology subsequent to polarization to M0-, M1- and M2-phe-
notype on coverslips, Ti-ma discs, Ti-SLA discs and Ti-Ana discs. Representative cytoskeletal
MdM morphology using CLSM with phalloidin as well as DRAQS staining following incubation with com-
plete medium without addition of polarizing agents, complete medium with 50 ng/ml IFNy and 10 ng/ml
LPS or complete medium with 20 ng/ml IL4 and 20 ng/ml IL13 for 2 days to induce MO-, M1- or M2-
polarization, respectively. Polarization was undertaken adjacent to seeding differentiated MdM onto co-
verslis, Ti-ma discs, Ti-SLA discs and Ti-Ana discs. Green = phalloidin staining, pink = DRAQS5 staining.
A MO-MdM on coverslip, 25X magnification, 2.5X zoom, B MO-MdM on Ti-ma disc, 25X magnification,
2.5X zoom, C MO-MdM on Ti-SLA disc, 25X magnification, 2.5X zoom, D MO-MdM on Ti-Ana disc, 25X
magnification, 2.5X zoom, E M1-MdM on coverslip, 25X magnification, 2.5X zoom, F M1-MdM on Ti-ma

80




disc, 25X magnification, 2.5X zoom, G M1-MdM on Ti-SLA disc, 256X magnification, 2.5X zoom, H M1-
MdM on Ti-Ana disc, 25X magnification, 2.5X zoom, I M2-MdM on coverslip, 25X magnification, 2.5X
zoom, J M2-MdM on Ti-ma disc, 25X magnification, 2.5X zoom, K M2-MdM on Ti-SLA disc, 25X mag-
nification, 2.56X zoom, L M2-MdM on Ti-Ana disc, 25X magnification, 2.5X zoom.

Finally, CCR7 as well as CD209 expression of the polarized MdM cultivated on the
different surfaces was assessed using CLSM. The latter markers were stained deploy-
ing specific primary and fluorescently labelled secondary antibodies. Furthermore, nu-
clei staining was done utilizing DRAQS5. Prior to staining, the MdM were seeded on
coverslips following to their differentiation. Treatment with complete medium without
any polarization agents, complete medium with 50 ng/ml IFNy and 10 ng/ml LPS or
complete medium with 20 ng/ml IL4 and 20 ng/ml IL13 for 2 days was undertaken to
allow for polarization to the MO-, M1 or M2-phenotype, respectively, before the assess-
ment using CLSM. Fig. 30 shows a specific CCR7 expression of M1-MdM rather inde-
pendent of the respective surfaces tested whereas MO- and M2-MdM exhibit only minor
CCR7-related fluorescence. There were no significant differences in CCR7 fluores-
cence intensity regarding each, MO- or M1-MdM. Therefore, neither Ti-SLA discs, nor
Ti-Ana discs exerted proinflammatory effect distinct from the control surfaces. The
arithmetic means £+ SEM of the CCR7 fluorescence intensity for n = 4 repeats were
0.53 £ 0.22, 0.50 + 0.24, 0.46 + 0.10 and 0.33 + 0.06 for the MO-MdM on coverslips,
Ti-ma discs, Ti-SLA discs and Ti-Ana discs, respectively. The arithmetic means + SEM
of the CCRY fluorescence intensity for n = 2 repeats were 1.16 + 0.26, 1.06 + 0.36,
2.51 £ 1.36 and 1.24 £ 0.63 for the M1-MdM on coverslips, Ti-ma discs, Ti-SLA discs
and Ti-Ana discs, respectively. Contrarily, CD209 was specifically expressed in M2-
MdM. Likewise, expression was rather independent of the respective surface utilized
for cultivation. Neither MO-, nor M1-MdM feature relevant CD209 expression. There
were no significant differences in CD209 fluorescence intensity regarding each, MO- or
M2-MdM. Neither Ti-SLA discs, nor Ti-Ana discs significantly reduced anti-inflamma-
tory effects as compared to the deployed control surfaces. The arithmetic means +
SEM of the CCRY7 fluorescence intensity for n = 4 repeats were 0.11 £ 0.05, 0.40 +
0.19, 0.06 £ 0.03 and 0.16 £ 0.11 for the MO-MdM on coverslips, Ti-ma discs, Ti-SLA
discs and Ti-Ana discs, respectively. The arithmetic means + SEM of the CCR?7 fluo-
rescence intensity for n = 2 repeats were 2.42 + 0.67, 1.43 + 0.30, 3.47 £ 2.34 and
1.00 £ 0.24 for the M2-MdM on coverslips, Ti-ma discs, Ti-SLA discs and Ti-Ana discs,
respectively.
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Figure 30: MdM expression of CCR7 and CD209 subsequent to polarization to M0-, M1- and M2-
phenotype on coverslips, Ti-ma discs, Ti-SLA discs and Ti-Ana discs modified according to [77].
Representative expression of CCR7 and CD209 of MdM using CLSM and antibody staining of the sur-
face markers as well as DRAQS5 staining following incubation with complete medium without addition of
polarizing agents, complete medium with 50 ng/ml IFNy and 10 ng/ml LPS or complete medium with 20
ng/ml IL4 and 20 ng/ml IL13 for 2 days to induce MO-, M1- or M2-polarization, respectively. Polarization
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was undertaken adjacent to seeding differentiated MdM onto coverslips, Ti-ma discs, Ti-SLA discs and
Ti-Ana discs. Green = CCRY staining, red = CD209 staining, pink = DRAQ5 staining. A MO-MdM on
coverslip, 26X magnification, 1X zoom, B MO-MdM on coverslip, 25X magnification, 2.5X zoom, C MO-
MdM on Ti-ma discs, 25X magnification, 1X zoom, D MO-MdM on Ti-ma disc, 25X magnification, 2.5X
zoom, E MO-MdM on Ti-SLA discs, 25X magnification 1X zoom, F MO-MdM on Ti-SLA disc, 25X mag-
nification, 2.5X zoom, G MO-MdM on Ti-Ana discs, 25X magnification 1X zoom, H MO-MdM on Ti-Ana
disc, 25X magnification, 2.5X zoom, I M1-MdM on coverslip, 25X magnification, 1X zoom, J M1-MdM
on coverslip, 256X magnification, 2.5X zoom, K M1-MdM on Ti-ma discs, 25X magnification, 1X zoom, L
M1-MdM on Ti-ma disc, 256X magnification, 2.5X zoom, M M1-MdM on Ti-SLA discs, 25X magnification
1X zoom, N M1-MdM on Ti-SLA disc, 25X magnification, 2.5X zoom, O M1-MdM on Ti-Ana discs, 25X
magnification 1X zoom, P M1-MdM on Ti-Ana disc, 25X magnification, 2.5X zoom, Q M2-MdM on co-
verslip, 25X magnification, 1X zoom, R M2-MdM on coverslip, 25X magnification, 2.5X zoom, S M2-
MdM on Ti-ma discs, 25X magnification, 1X zoom, T M2-MdM on Ti-ma disc, 25X magnification, 2.5X
zoom, U M2-MdM on Ti-SLA discs, 25X magnification 1X zoom, V M2-MdM on Ti-SLA disc, 25X mag-
nification, 2.5X zoom, W M2-MdM on Ti-Ana discs, 25X magnification 1X zoom, X M2-MdM on Ti-Ana
disc, 25X magnification, 2.56X zoom. Y Arithmetic means + SEM (n = 4 for MO-MdM; n = 2 for M1-MdM)
of MdM CCRY fluorescence intensity following their polarization to MO- (grey) or M1- (green) phenotype
for 2 days. ns indicates non-significancy (one-way ANOVA for MO-MdM,; Friedmann test for M1-MdM).
Z Arithmetic means £ SEM (n = 4 for MO-MdM,; n = 2 for M2-MdM) of MdM CD209 fluorescence intensity
following their polarization to MO- (grey) or M2- (red) phenotype for 2 days. ns indicates non-significancy
(one-way ANOVA for MO-MdM; Friedmann test for M2-MdM).
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4 Discussion

Tooth loss up to total edentulism is a frequent and globally existent issue [56, 102]. To
the concerned patients, this affliction is of particular importance, as it is not only con-
comitant with limitations concerning mastication and phonetics but also results in con-
stricted aesthetics and psychosocial discomfort [3, 41, 102, 107, 113]. Therapeutically,
prosthetic restorations, such as bridges or removable dentures, are deployed as to the
substitution of missing teeth [56]. Yet, the latter treatment options oftentimes require
the preparation of adjacent teeth and furthermore, especially removable dentures may
be functionally and aesthetically unfavorable [38, 56]. Dental implants on the other
hand allow for the avoidance of these detriments and therefore have evolved into a
major alternative within the rehabilitation of tooth loss [25, 38, 41, 56, 85, 110, 112].
Moreover, the latter therapeutic option allows for high survival rates as well as longevity
and is therefore considered to be reliable [3, 6, 25, 42, 56, 110, 133].

However, malfunction redounding to as far as implant failure can occur and particularly
encompasses progressive peri-implant bone loss [8, 37, 42, 65, 78, 110]. Due to the
considerable number of placed dental implants, this malfunction constitutes a rising
problem and consistent solution approaches have been owing [93, 123]. On a molec-
ular level, marginal bone loss is based upon aggravated immune processes in terms
of a continuing or a recurrent FBR correspondent to a failed establishment or the loss
of an FBE (Chap. 1.3.1) [93, 123, 133].

An FBR is set off in the context of an implant insertion successional to the surgically
provoked trauma and the contact between the foreign body as well as the host’s tissue
and blood [8, 10-12, 44, 71, 145]. To begin with, interstitial and blood proteins adsorb
to the biomaterial surface [1, 12, 22, 32, 44, 51, 63, 118, 131, 142, 145] and the coag-
ulation as well as the complement cascade are commenced [10, 11, 44, 145]. Immune
cells, particularly comprising neutrophilic granulocytes and M®, migrate due to chem-
otaxis and bind to the biomaterial’s surface [10-12, 32, 44, 51, 145]. There, the latter
cells engulf intruded pathogens as well as debris and secrete proteolytic enzymes and
ROS [10, 44, 145]. These defense mechanisms might concomitantly damage the im-
plant [8, 123]. As the FBR proceeds, M® soon predominate [10-12, 44, 145] and, con-
ditional upon the prevalent micro-environment, sequentially adjust their polarization
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state from a pro-inflammatory M1-phenotype to a regulatory and wound-healing M2-
polarization [1, 32, 44, 145]. Furthermore, the residing M® partially fuse forming FBGC
[10, 24, 44, 145]. In terms of these different phenotypes, M® are present on the bio-
material’s surface throughout its in vivo lifetime [11, 22, 24, 106, 123]. In case at this
point anti-inflammatory influences markedly excel the pro-inflammatory immune acti-
vation, tantamount to an FBE, osseointegration as to bone ensues [8, 10, 12, 37, 123].
Contrarily, if pro-inflammatory stimuli persist, equivalent to a lasting FBR, reinforced
M® fusion results provoking biomaterial damage and marginal bone loss due to exact-
ing degradative capacity as well as extensive fibrous encapsulation of the implant [1,
12, 23, 31, 44, 145].

As can be derived from the aforementioned considerations, M® critically control major
phases of the FBR and the FBE [11, 22, 24, 106, 123]. On this account, solution state-
ments concerning peri-implant bone loss should aim at disclosing cellular and molec-
ular mechanisms of the FBR and the FBE bringing M® into focus [123].

Antecedently, M® have manifoldly been investigated and characterized bearing heter-
ogenous markers using diverse cell models as well as protocols [2, 60, 62, 77, 119,
130]. In order to enhance reliability and enable comparability of M® research, an ap-
propriate cell model, corresponding consensus markers as well as standardized and
verified protocols as to the preparation as well as to the analysis of M® are precondi-
tion [77]. Accordingly, the conducted study strived for the establishment of a protocol
to isolate and differentiate human peripheral blood monocytes towards polarized MdM
in the first section to subsequently deepen knowledge on osseointegration and inves-
tigate potential immunomodulatory effects of biomaterials on the latter cells in vitro in
the second part [77].

Regarding the M® cell model, cells emanating from diverse sources have been de-
ployed for the purpose of research [77, 82, 83, 101, 119, 130, 132, 145]. From a bio-
logical and scientific contemplation, human primary M® may be most representative
and reliable concerning the in vivo situation [77, 82, 83]. However, the latter cells are
differentiated and thus limitedly proliferating, impeding their sufficient quantitative avail-
ability [13, 34, 52, 53, 67, 82, 83, 96, 105, 144]. Furthermore, human primary M® are
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tissue-resident cells necessitating intricate isolation processes concomitant with a dis-
proportional and ethically discerning impairment of their donor [13, 34, 52, 53, 67, 83,
96, 105, 144]. Lastly, due to the heterogeneity of primary cells, validity as well as re-
producibility of research results may be restricted [29]. Hence, either murine M®, ap-
propriate human cell lines or MdM are commonly utilized instead [81, 119, 145].

Murine M® for in vitro research are either attained from the red bone marrow as BMdM
or are isolated from murine tissue in terms of readily differentiated, tissue-resident cells
(Chap. 1.4.1) [88, 101]. However, these M® differ from human cells regarding several
facets, thus findings cannot unrestrictedly be transferred to the in vivo situation [61, 62,
82, 88, 119].

Cell lines on the other hand encompass immortalized cells hallmarked by unrestricted
proliferation upon cultivation [26, 77, 83]. As to M®, several human cell lines of varying
degree of differentiation are available (Chap. 1.4.1) [13, 29, 30, 34, 96]. Due to their
similarity to primary cells regarding morphology, function and their ability to be polar-
ized, THP1 cells are oftentimes employed with reference to in vitro research [13, 28-
30, 96, 105, 119, 145]. Advantageously, cell lines are cost-effective, modest as to their
cultivation and proliferate up to a high passage constituting an infinite source of barely
senescent cells [13, 29, 30, 77, 83, 105, 145]. Furthermore, these cells feature a ho-
mogenous geno- as well as phenotype facilitating consistency and reproducibility [13,
29, 30, 83, 105, 145]. However, cell lines are commonly derived from malignant neo-
plasms, thus characteristics, especially regarding gene expression, may be clearly dis-
tinct from primary cells [29, 30, 77, 88, 119]. Correspondingly, THP1 cells were shown
to be contorted towards the M1-polarization and its associated characteristics whereas
U937 cells are rather prone to the M2-phenotype [77, 83]. Moreover, commonly, phar-
macological treatment deploying unphysiological stimuli, like phorbol-12-myristate-13-
acetate (PMA), is needed as to the differentiation towards M® [88]. Altogether, findings
deduced from cell lines may thus be biased [29, 30, 34, 96, 105, 119].

By reason of the above-quoted limitations of the preceding cell models, human primary
monocytes oftentimes are utilized for in vitro research instead [88, 119, 144]. The latter
cells constitute the precursors to a subset of the human M® (Chap. 1.2.1) [40, 53, 54,
57, 80]. Advantageously, human primary monocytes can be accessed straightfor-
wardly as well as ethically more reasonably in sufficient quantity in terms of whole
blood or buffy coat via peripheral venipuncture [67, 68, 84]. Adjacent to their isolation,
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these cells can be differentiated towards MdM as well as polarized in vitro [67, 68, 84].
On the basis of these considerations, MdM were chosen as cell model for the present
study [77].

Following to the determination of the cell model, an adequate protocol as to the prep-
aration of polarized MdM was to be established. To the isolation of monocytes, the
differentiation to MdM and the eventual polarization, a multiplicity of protocols are de-
lineated (Chap. 1.4.2) [18, 55, 59, 61, 62, 67, 68, 84, 98-100, 119, 130]. Generally, PBMC
are separated from whole blood or buffy coat at first using density gradient centrifuga-
tion on the basis of varying density of the blood components [18, 33, 55, 59, 61, 67,
68, 84, 98-100, 119, 130, 144]. Subsequently, monocytes can be partitioned from lym-
phocytes by means of reapplication of density gradient centrifugation [17, 33, 35, 50,
98], CD14+ or negative immunoselection [18, 33, 55, 59, 67, 84, 100, 119, 130] or
monocyte adhesion [55, 61, 84, 100, 144]. Following, differentiation to MdM is attained
incubating the former cells with growth factors such as GM-CSF or M-CSF for 3 to 7
days [18, 59, 61, 62, 84, 100, 119, 130]. The resulting MdM can eventually be polarized
by means of another stimulation using cytokines, LPS, immune complexes as well as
glucocorticoids for 24 hours up to 3 days [18, 55, 61, 62, 84, 100, 119, 130]. Regarding
the techniques of monocyte isolation and M® differentiation as well as polarization
delineated afore, various considerations have to be taken heed of [33, 84, 98].

Density gradient centrifugation of whole blood or buffy coat allows for a rough separa-
tion of different cell populations [33]. Yet, cell loss due to the isolation procedure has
to be taken into account [33]. Concerning PBMC, a considerable fraction of granulo-
cytes and furthermore nonviable cells and debris can be eliminated effectuating a con-
centration of monocytes and facilitating their further isolation [33].

As to the separation of monocytes from lymphocytes, the existing protocols, irrespec-
tive of the particular method deployed, for the most part are rather laborious as well as
time-consuming [98]. Both, density gradient centrifugation and monocyte adhesion are
feasible, dependable and cost-effective techniques [98]. Yet, regarding density gradi-
ent centrifugation, a separation medium is deployed [98]. As the cells are directly ex-
posed during the isolation process, monocytes might be affected, particularly in case
of persisting contact [98]. Favorably, monocyte adhesion only depends on a plastic or

glass surface as well as cell culture or adhesion medium [98]. However, if loose
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monocytes are sought, cell detachment, either enzymatically or mechanically, is re-
quired subsequent to the isolation, potentially impairing the cells’ integrity [43, 88, 98].
Immunoselection on the other hand necessitates elaborate appliances and is rather
costly [98]. Furthermore, cell yield, purity, viability and the resulting phenotype of the
successive MdM are contingent on the method utilized [84, 98]. Due to an overlap of
monocyte as well as lymphocyte density, density gradient centrifugation is hindered
and yields considerable contamination [19, 98]. Utilizing a separation medium with
modified osmolarity can enhance partition depending on a more distinct susceptibility
of lymphocytes to heightened osmolarity [19, 98]. An increase in purity simultaneously
involves diminution in the cell number of isolated monocytes, though, whereas cell vi-
ability remains unaffected [19, 98]. Additionally, another centrifugation with iso-osmotic
separation medium may furthermore effectuate the depletion of contaminating platelets
[98]. Immunoselection, both CD14+ immunoselection as well as negative immunose-
lection, was shown to amount to an elevated monocyte yield as well as to high viability
[84]. Regarding purity however, negative immunoselection resulted in increased plate-
let contamination, whereas CD14+ immunoselection was highly specific [84]. Using
monocyte adhesion, platelet as well as lymphocyte contamination was observed to be
considerably increased [35, 84, 98] and viability was found to be lessened compared
to immunoselection [84]. On the other hand, however, neither monocyte adhesion nor
density gradient centrifugation skew the monocytic subpopulation as might follow from
CD14+ immunoselection [84]. In due consideration of these potential influences on the
isolated monocytes and the resulting MdM, the employed method of isolation has to

be taken account of and adjusted to the intended research purpose, if necessary [84].

In terms of the differentiation of isolated human blood monocytes towards MdM, it was
shown, that sole cell culture medium is not sufficient for sustained cell survival [15,
144]. Instead, growth factors, such as GM-CSF or M-CSF, cytokines, like IL3, or normal
human serum (NHS) are required to effectuate differentiation [130, 144]. At this junc-
ture, the growth factors GM-CSF and M-CSF were shown to already influence polari-
zation as well as MdM morphology [74, 130, 144]. While a slight M1-polarization is
attributed to GM-CSF, M-CSF was revealed to foster the M2-phenotype [64, 81, 117,
128, 130]. NHS on the other hand was detected to least result in polarization as char-
acterized by marker expression [130]. Regarding the morphology, several studies link
GM-CSF with a round phenotype and M-CSF with stellate-like elongation [126, 130,

144].
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Regarding a distinct polarization of the MdM, amongst others, cytokines are utilized
[18, 55, 61, 62, 84, 100, 119, 130]. In this context, multiple agents have been deployed
at various concentrations as well as conflations for varying periods [18, 55, 59, 61, 84,
100, 119, 130]. Furthermore, diverse subtypes of polarization, particularly concerning
the M2-polarization, are distinguished [18, 55, 59, 61, 84, 100, 103, 119, 130].

With reference to the objective of establishing a protocol for the preparation of polar-
ized MdM, within this study whole blood was deployed as to the isolation of monocytes
[77]. Firstly, density gradient centrifugation was conducted for the isolation of PBMC
and the blood suspension was carefully laid over the Lymphocyte Separation Medium
to perpetuate an interface and prevent monocytes from subsiding. Following to the
centrifugation, plasm was carefully but completely as possible removed to expose the
fraction of PBMC and to obviate platelet contamination. The former cells were then
collected into new tubes to elude remaining debris and sufficient washing was done to
circumvent negative influences of the Lymphocyte Separation Medium on the PBMC.
In order to deplete contaminating erythrocytes more distinctly, lysis was conducted
using erythrocyte lysis buffer. This buffer osmotically affects erythrocytes without being
effective on leukocytes [33]. Again, sufficient washing was performed to avoid pro-
longed impact of the lysis buffer as well as to remove debris and the isolated PBMC
were collected. Monocytes were partitioned from lymphocytes using monocyte adhe-
sion. To this, the PBMC were resuspended in pre-warmed Monocyte Attachment Me-
dium and seeded into T75-flasks at a given cell density. Incubation was done for 90
minutes at 37° C and 5 % CO: to allow for the monocytes to adhere. Adjacently, the
cells were carefully rinsed once using complete medium in order to remove residual
suspended cells from the adherend monocytes [88]. Against the manufacturer’s spe-
cific instructions, this washing step was done tentatively, as previously and repeatedly
monocytes got lost in large part when washing vigorously as well as 3 times as de-
manded within the manufacturer’s protocol (data not shown). Following to the isolation,
monocytes were incubated with complete medium supplemented with 10 ng/ml M-CSF
at 37° C and 5 % CO:in order to induce differentiation to MdM. M-CSF was chosen at
a concentration of 10 ng/ml, as this growth factor has been predominantly employed
within prior studies and as M-CSF was shown to enable M1- as well as M2-polarization
of the resultant MdM [61, 62, 88, 119]. Treatment was done for 6 days and medium

was exchanged every other day, discarding loose cells to possibly enhance purity.
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Lastly, the differentiated MdM were polarized using either 50 ng/ml IFNy and 10 ng/ml
LPS as to the M1-phenotype or 20 ng/ml IL4 and 20 ng/ml IL13 in terms of the M2-
polarization. MdM were incubated for 2 days at 37° C and 5 % CO..

Subsequent to the establishment of the protocol regarding the MdM preparation delin-
eated afore, adequate consensus markers were determined as to a consistent and
reliable characterization of the resultant cells. Within multiple studies, M® have been
distinguished regarding their morphology, cytokine secretion, surface as well as intra-
cellular marker expression and gene expression [18, 55, 59, 61, 62, 91, 108, 119, 126,
130]. However, characterization has been inconsistent and partly conflicting [2, 60, 62,
77,119, 130, 132]. In the context of the present study, an index of multiple MdM mark-
ers was therefore determined [77]. Adjacent verification by means of assessment using
light microscopy, ELISA, FACS and CLSM, all being frequently as well as routinely
utilized methods, was deployed [77].

As to their morphology, the MdM prepared within this study were routinely evaluated
during their differentiation and polarization using light microscopy (Chap. 3.1). At this
juncture, MO-MdM were characterized by an irregular and extended constitution with
some cells being elongated. M1-MdM predominantly featured a round phenotype ef-
fectuating a homogenous morphology. M2-MdM on the other hand were hallmarked
by distinct elongation as well as stellate-like branching. These findings parallel results
of prior studies [62, 119, 126, 129], although also obverse findings concerning mor-
phology were delineated [130].

Regarding cytokine expression, previous studies reported TNFa to be specific as to
the M1-phenotype [62, 130]. On the other hand, amongst others, CCL13 as well as
CCL17 were shown to be increased with reference to M2-polarization [62]. For these
reasons, the aforementioned cytokines were selected as potential markers of polarized
MdM and thus checked within this study [77]. As delineated in Chap. 3.2, TNFa concen-
tration in the supernatant of M1-MdM was significantly as well as specifically height-
ened as compared to both, MO- and M2-polarization featuring a neglectable secretion
[77]. In contrast, M2-MdM distinctly and specifically secreted CCL13 as well as CCL17,
whereas concentration of these markers was quite low in the supernatant of MO- and
M1-MdM (Chap. 3.2) [77]. Within this study, we hence confirmed TNFa and CCL13 as
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well as CCL17 to be consensus markers of M1- and M2-phenotype, respectively, [77]
and these results are in line with previous studies [18, 108, 119, 130].

Particularly concerning marker expression of the MdM, multiple surface as well as in-
tracellular molecules have been investigated and findings are inconsistent to some
extent here [18, 55, 59, 61, 62, 91, 108, 119, 126, 130]. Hence, many markers were
tested within this study (Chap. 3.3). Regarding M® pan-markers, CD14 was highly ex-
pressed by all phenotypes. However, MO-MdM and M1-MdM still exhibited significantly
heightened CD14 expression compared to the M2-polarization. CD68 on the other
hand did not work as pan-marker for the cells prepared in this study. Regarding M1-
polarization, CD80, CD86 and CCR7 were tested. Expression of CD80 was distinctly
significant for M1-polarization compared to MO- and M2-MdM. Still, M2-MdM expres-
sion of CD80 was significantly higher than expression of MO-MdM, thus not being a
fully specific marker. Furthermore, CD86 did not work for the cells prepared in this
study, as this surface marker was highly and unselectively present on all MdM pheno-
types. CCR7, on the other hand, was selectively expressed by M1-MdM and expres-
sion was significantly increased compared to MO- and M2-phenotype, thus constituting
specific marker. Within previous studies, CD80 was frequently found to be a marker
for M1-polarization [61, 62, 119]. CD86 was described to be specific for the M1-phe-
notype of MdM differentiated utilizing GM-CSF [18]. Within the present study however,
although M-CSF was deployed as growth factor, all phenotypes highly expressed
CD86, identifying this molecule to be unspecific at least in case of differentiation utiliz-
ing the latter growth factor. As to M2-polarization, CD1A, CD163, CD206, CD209 and
Arg1 were investigated in the present study. Expression of CD1A was specific and
significant regarding the M2-phenotype, whereas neither MO- nor M1-MdM exhibited
distinct CD1A expression. CD163 expression, in contrast, was found in MO-, M1- and
M2-phentoype, with MO-MdM expression being significantly heightened compared to
M2-MdM. Furthermore, also M1-MdM CD163 expression was increased. Thus, CD163
was not appropriate as a marker for M2-polarization. CD206 was highly expressed by
MO-, M1- and M2-MdM and expression of MO- and M2-phenotype was significantly
higher compared to M1-MdM. Consequently, regarding marker expression, CD206
was not specific. Considering CD206 MFI, however, abundance of CD206 was signif-
icantly increased in M2-MdM and thus selectively marked these cells. Expression of
CD209 was distinctly and significantly heightened in M2-MdM, whereas MO- and M1-

polaization negligibly expressed this marker. Hence, CD209 constituted a specific
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marker. Lastly, Arg1 did not work for the MdM prepared in this study, as neither of the
MO-, M1- or M2-phenotype noteworthily expressed this surface marker. Specific M2-
MdM expression of CD1A and CD209 was described in previous studies with our re-
sults being in line [119]. Regarding CD163, expression plurally was attributed to the
MZ2c-phenotype and thus to IL10 or dexamethasone stimulation [61, 130]. Our M2-
MdM, on the contrary, were prepared using IL4 and IL13, correspondent to the M2a-
phenotype [77, 84]. Accordantly, CD163 was shown to not be increased following to
IL4 stimulation [130]. As to CD206, this marker was ascribed to murine M® and ex-
pression in human cells is reported to be unspecific [62]. This is commensurate to our
findings, however, regarding MFI, CD206 was rather specific in the present study. Arg1
was detected to be specific for murine M® and neutrophils [82]. Yet, as to human cells,
Arg1 was found in neutrophils only [82]. Hence, our findings concerning this marker

are in line with previous results [82].

Finally, the prepared MdM were characterized regarding their marker expression em-
ploying CLSM [77]. This examination was conducted, as marker expression constitutes
a major and impactful part of MdM characterization [18, 59, 61, 62, 77, 91, 108, 119,
126, 130]. Yet, flow cytometrical analysis as performed afore is dependent on sus-
pended cells, thus requiring MdM detachment [77]. As the MdM within this study should
be utilized to test for immunomodulatory effects of biomaterial surfaces subsequent to
successfully preparing and characterizing these cells, CLSM was selected to assess
marker expression of adherend MdM [77]. In doing so, surface marker expression
could at least be examined semi-quantitatively without impacting and damaging the
MdM owing to detaching the cells [43, 77, 88]. Furthermore, we were able to reduce
the number of seeded MdM as cell loss within the scope of detachment could be
avoided [77]. Due to CLSM being semi-quantitative, specificity of markers to be tested
is prerequisite, as otherwise analysis is hindered, in case markers are expressed
across all MdM-phenotypes [77]. As discussed afore, CCR7 and CD209 flow cytomet-
rically were identified to be specifically expressed by M1- and M2-MdM, respectively.
Hence, these markers were selected for CLSM assessment [77]. Referred to Chap. 3.4,
MdM surface markers were successfully investigated using CLSM and CCR7 was se-
lectively expressed by M1-MdM, whereas CD209 expression was specific as to the
M2-polarization [77].
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Compendiously, within the first section of this study, MdM were successfully prepared
from human peripheral blood monocytes and polarized to the M1- and M2-phenotype
in equal measure, thus constituting a suitable cell model [77]. Moreover, the latter cells
were characterized using diverse methods detecting multiple consensus markers [77].
While M1-MdM were specifically marked by a round phenotype, the expression of the
surface markers CCR7 as well as the secretion of TNFo, M2-MdM particularly featured
an elongated phenotype, the expression of the surface makers CD1A and CD209 as
well as the secretion of CCL13 and CCL17 [77]. However, as can also be deduced
from these results, regarding polarization, there is no sole specific marker in terms of
characterization, as markers to some extents were expressed consistently in spite of
obverse polarization [77, 119, 130]. Thus, polarization is characterized most precisely
if a synopsis of markers is considered. This finding is in line with the findings of previous
studies [62, 119, 130].

Within the second part of this study, the protocol relating to the MdM preparation es-
tablished afore should be implemented and thus utilized to investigate biomaterial-re-
lated immunomodulatory effects. To this, monocytes were isolated as delineated be-
fore using density gradient centrifugation and monocyte adhesion. The latter cells were
then differentiated by means of incubation with 10 ng/ml M-CSF for 6 days as afore-
mentioned. Following to their differentiation, the resultant MdM were detached chemi-
cally using Accutase as well as mechanically employing a cell scraper. Cells were then
seeded onto diverse surfaces, encompassing Ti-SLA discs or Ti-Ana discs as modified
titanium surfaces as well as Ti-ma discs and tissue culture coverslips as control sur-
faces [77]. Polarization to the MO-, M1- or M2-phenotype was accomplished adjoining
complete medium without any polarizing agents, complete medium with addition of 50
ng/ml IFNy and 10 ng/ml LPS or complete medium with addition of 20 ng/ml IL4 and
20 ng/ml IL13, respectively, for 2 days [77]. In order to assess immunomodulatory ef-
fects, the resultant polarized MdM adjacently were analyzed using CCK8 cell prolifer-
ation assay, furthermore the markers determined afore were examined deploying
ELISA and BCA protein assay as well as CLSM [77].

Regarding the CCK8 cell proliferation assay, metabolic activity of the cultivated cells

was investigated being surrogate of MdM viability and cell number. As disclosed in

Chap. 3.5, neither of the surfaces tested had significant direct adverse effects on the
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cultivated cells. Following, ELISA was conducted in order to assess cytokine secretion
of the MdM seeded on the titanium surfaces. Since TNFa and CCL13 were identified
to be specific before (Chap.3.2), these markers were selected and investigated. As the
cultivated cells were tightly adherent to the titanium discs and could not be detached
as to counting, normalization could not be done to the cell number. Instead, total
amount of protein was determined using BCA protein assay to normalize cytokine con-
centration. Neither of the surfaces examined effectuated increased level of TNFa, thus,
foreclosing significant pro-inflammatory influences of the titanium discs (Chap. 3.6).
CCL13, on the other hand, was significantly reduced for MO-MdM or M2-MdM seeded
on Ti-Ana discs as compared to coverslips or Ti-ma discs, respectively (Chap. 3.6). Both
findings suggest a diminished anti-inflammatory influence of Ti-Ana discs. Lastly, cy-
toskeletal morphology as well as surface marker expression of the MdM cultivated on
Ti-ma discs, Ti-SLA discs and Ti-Ana discs was assessed using CLSM. As identified
in Chap. 3.7, neither of the surfaces tested induced distinct morphologic discrepancies
nor elicited significant differences in CCR7 and CD209 expression. Accordingly, none
of the surfaces investigated exerted significantly more pronounced pro- or anti-inflam-
matory effects as compared to the residual surfaces.

Taken together, within the second part of this study, MdM were successfully cultivated
on diverse titanium surfaces as well as subsequently analyzed to investigate potential
immunomodulatory effects of biomaterials [77]. At this juncture, despite their tight ad-
hesion to surfaces, monocyte differentiation to MdM prior to seeding these cells on
titanium discs was critical to imitate the in vivo conditions [88]. Monocyte differentiation
in vitro as well as in vivo takes time, thus seeding the latter cells could affect and skew
the resultant MdM prematurely confounding experimental results [88]. As can be de-
duced from the results discussed afore, regarding cytokine secretion, Ti-Ana discs fea-
tured a diminished anti-inflammatory effect on the MdM, whereas pro-inflammatory ef-
fects were similar in all surfaces tested. Concerning morphology and marker expres-
sion, none of the titanium surfaces nor the coverslips effectuated significantly in-

creased pro- or anti-inflammatory effects.

Regarding the conducted study, several limitations have to be considered.
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As a start, in spite of the conveniences of primary human monocytes as source of MdM
disclosed afore, some detriments as to their availability, preparation and characteristics
exist [77, 83]. Venipuncture from healthy volunteers, although being markedly less in-
vasive than isolation of tissue-resident primary M®, has to be assessed ethically [83].
Within whole blood, monocytes constitute a variable fraction of cells accounting for
about 10 to 20 % of the PBMC [68]. Thus, monocyte yield is clearly diverging between
diverse donors and cell number is rather poorly forecastable as well as limited [83].
Isolation of monocytes from the drawn whole blood is elaborate and long-standing [83].
Furthermore, human primary monocytes exhibit intra- as well as inter-individual dis-
crepancy and variability [83]. Monocytes of various donors might differ and respond
aberrantly to impacting stimuli [83]. The conducted investigations were thus multiply
repeated using monocytes of several individuals. Within each repetition a control group
was employed [77].

The established protocol encompasses in vitro investigations [77]. Neither animal ex-
periments nor in vivo research have been undertaken [77]. Accordingly, the experi-
mental setup, despite its utility, cannot entirely reflect the intricate as well as dynamic
conditions within a living human organism and has to be construed conditionally [65,
77,123, 130]. Thus, the obtained findings may not unrestrainedly be transferred to the
in vivo situation nor to potential clinical circumstances and applications [77]. Neverthe-
less, within this study, experimental conditions were sought to be as physiological as
possible. To this, blood was obtained immediately before monocyte isolation and it was
utilized at room temperature [33]. Venipuncture was done complying with the general
procedures in order to reflect the in vivo situation at best and to avoid unphysiological
changes to the cells resulting in, amongst others, diminished viability or altered expres-
sion of cell markers [33]. Buffers necessary in the context of PBMC and monocyte
isolation were pre-warmed to +37° C, except from Lymphocyte Separation Medium
which was to be utilized at room temperature according to the manufacturer’s specific
instructions. Furthermore, incubation of the cells was done with complete medium at
+37° C under protection from light to be similar to the in vivo conditions. Still, mono-
cytes as well as the resulting MdM were unphysiologically concentrated in the context
of their isolation. Consequently, potential impact of this enrichment on the cells’ char-
acteristics and function has to be minded as to functional studies [33].
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Whole blood drawn from healthy donors was utilized for the isolation of monocytes
[77]. Effects of pre-existing illnesses as well as pharmaceuticals hence were not con-
sidered. However, surgical implant insertion is typically accompanied with analgesia
oftentimes deploying antiphlogistics. A modulation of monocyte and M® characteristics
and function is conceivable, furthermore M® polarization might be altered due to the
anti-inflammatory influences concerning the local micro-environment. Moreover, im-
plants are increasingly applied in clinically compromised situations including elderly
patients exhibiting pre-existing conditions and requiring medication [65]. The estab-
lished protocol obtained within this study serves as a starting point as to the investiga-
tion of the FBR and does not include these circumstances. Further enhancement of
the in vitro research as well as subsequent in vivo studies will be necessary to pro-

spectively take account of these considerations.

Within the present study, MdM were used as M® model [77], thereby considering M®
derived from the hematopoietic system. Tissue-resident M® resulting from the embry-
ological development hence were not portrayed at this juncture [1], although it is not
clear to which extent MdM resemble tissue-resident M® [144]. Monocytes were differ-
entiated to MdM deploying M-CSF as growth factor [77]. GM-CSF was not tested, not-
withstanding that distinctions in the resulting MdM were found in previous studies [64,
81, 117, 128, 130]. Furthermore, M1- as well as M2-polarization were considered com-
pendiously and simplified [77]. Existing subtypes of polarized MdM, especially regard-
ing the M2-polarization, amongst others comprising the M2a-, M2b and M2c-pheno-
type, were not factored [77]. Additionally, well defined stimuli as to the M1- and M2-
polarization have been deployed separately for a steady duration [77]. The utilized cy-
tokines were not varied during the incubation period and moreover, the working con-
centration was kept constant [77]. Regarding the in vivo situation however, a plethora
of, occasionally contrary, stimuli operate simultaneously and the micro-environment
may promptly alter, complicating M® polarization [119, 130]. These considerations are
particularly consequential, as M® are hallmarked by high plasticity (Chap. 1.2.2) [72, 80,
94, 108, 109, 119]. At this point, future investigations refining the present protocol go-
ing into detail and effectuating more diverse models in vitro as well as eventually in

vivo studies should be sought.

Lastly, regarding monocyte adhesion, loose cells were discarded each time cell culture

medium was replaced. This approach was undertaken to enrich the adherend
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monocytes and MdM as floating cells were assumed to potentially be contaminating
lymphocytes. Within earlier studies, however, it has been reported, that loose cells also
comprise MdM [130, 144], although their marker expression was lessened and differed
from the expression of adherend MdM to some extent [130]. At this point, deepening
investigations will be needed prospectively to further characterize MdM respecting
floating cells.

Taken together, despite its limitations discussed afore, this in vitro protocol, along with
ample previous research [61, 62, 88, 130], aimed at the advancement of MdM charac-
terization and allowed for essential and important cognition on M® [77]. Concomitantly,
the complexity of the cell model selection as well as the deployed activation markers
were revealed [77]. Investigating M® in the context of biomaterials facilitates the un-
derstanding of mechanisms underlying the FBR as well as consequentially the system-
atic study of immunomodulation [77].

Prospectively, in order to enhance the established protocol concerning the MdM prep-
aration and characterization as well as to further expedite knowledge on the FBR and

immunomodulation, continuing establishment is essential [77].

To this, firstly, the subtypes of polarization, amongst others comprising the M2a-, M2b-
and M2c-phenotypes, should be considered [77]. Thereby, the complex and dynamic
in vivo conditions would be reflected more precisely in the in vitro experimental setup.
Concomitantly, characterization of the MdM should be broadened to include and dis-
tinguish the aforementioned subtypes. Accordingly, a multitude of further cytokines re-
garding ELISA, such as IL1, IL6, IL12 as well as chemokine C-X-C motif ligand
(CXCL10) as to the M1-polarization and IL10, CCL22 as well as TGFf as to the M2-
polarization and its subtypes are delineated in the literature [62, 130], but were not
investigated within the present study. Similarly, concerning flow cytometry, more mark-
ers, amongst others CD40 and CD64 as to the M1-phenotype and CD200R as to the
M2-polarization [62, 130], are described and should be evaluated in the scope of future
studies. Moreover, besides extending characterization markers utilizing the methods
deployed within this study, also further methods, such as assessment of gene expres-
sion by means of gRT-PCR or of functionality by means of phagocytosis assay, should
be and partly have been adopted (data not shown) [62, 77, 119]. In this context, qRT-

PCR allows for quantitative insights into the MdM enabling a specific correlation of their
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polarization state [77]. Beneficially, both methods do not require suspended cells and
can thus be conducted utilizing MdM cultivated on diverse titanium surfaces [77]. By
means of applying diverse methods investigating as many markers as possible, polar-
ization states of the MdM, comprising potential subtypes, are characterized at the best
resulting in findings most likely to be reliable [77].

As to the experimental setup, the present study controled the cellular interaction with
biomaterial surfaces. Henceforth, however, also the interaction of blood and interstitial
proteins with biomaterials should be considered [88]. Immediately after an implant is
inserted, present proteins adsorb to its surface [1, 12, 22, 32, 44, 51, 63, 118, 131,
142, 145]. Thereby, the biomaterial is opsonized and conditioned, so that MdM rather
interact with autologous blood and interstitial proteins instead of the actual biomaterial
surface [88, 89, 122]. Based on this consideration, blood as well as preferably intersti-
tial proteins should be included in future studies.

Furthermore, within the present study, readily differentiated and partially polarized
MdM were cultivated on the titanium discs [77]. Within the in vivo setting, however,
presumably, also monocytes interact with the surface of an implanted biomaterial and
differentiate towards M® while residing on the biomaterial [88]. Accordingly, in the con-
text of future studies, this consideration should be preconceived, consequentially seed-
ing MdM as well as monocytes simultaneously, for instance, on biomaterial surfaces
[88]. Additionally, even further enhancement of the present protocol could be accom-
plished by implementation of co-cultures [123, 145]. By this means, not only MdM but
also other cells, such as further immune cells, osteoblasts and osteoclasts, could be
examined and most notably, their mutual interaction could be investigated [123, 145].
Still, despite the considerable and enhancing in vitro models as well as the latter con-
siderations of establishing and employing co-cultures, auxiliary animal and in vivo stud-
ies will be needful as to reliably deepen the understanding and dependability of the
FBR and the bone response to inserted implants [65].

Lastly, in order to systematically and constructively advance research on immunomod-
ulatory effects of biomaterials, prospectively also characterization of the biomaterial
surfaces should be included into the protocol [1, 2]. Consequentially, amongst others,
specifications on the surface topography by means of scanning electron microscopy,

on the surface roughness using confocal microscopy as well as on the hydrophilicity
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via sessile drop contact angle goniometry will be beneficial to characterize to biomateri-
als investigated and to consolidate and contextualize all findings attained [1, 2].

Deductively, as to prospective M® research, further establishment, careful study de-
sign as well as consideration of the experimental objective is required in order to en-
gross insights into M®, the FBR and FBE as well as immunomodulation [77, 83]. Uti-
lizing the presented in vitro protocol established within this study can allow for mean-
ingful insight into immunomodulation of biomaterials as well as facilitate the develop-
ment of novel immunomodulatory features [77]. The study hence may contribute to
improve healing processes subsequent to implant insertion [77]. Furthermore, contin-
uing inflammatory processes due to both aggravated FBR and abrogated FBE might
be prevented to allow for effective and lasting osseointegration [77]. Still, marginal
bone loss occurs and due to the increasing number of dental implants inserted, this
issue marks a rising problem without reliable and exhaustive solution approaches be-
ing available [123]. Yet aggravating, insertion of dental implants is increasingly con-
ducted within compromised and challenging clinical circumstances, such as reduced
bone quality and osteoporosis, preceding radiotherapy as well as restricted wound
healing due to diabetes and other metabolic constraints, oftentimes concerning elderly
patients [65]. Thus, a continuous advancement in terms of immunomodulation of dental
implants is of major importance to approach and eventually reliably overcome proceed-
ing peri-implant bone loss and implant failure [65].

Moreover, the findings obtained within this study not only apply to dental implants but
may also be transferred to any other implantable medical device. Biomaterials are
manifoldly as well as increasingly appropriated for various diagnostic as well as thera-
peutic uses [79, 116]. Within all scopes of application, aggravated FBR consecutively
lead to malfunction and damage as far implant failure [79, 116]. Accordingly, as to
orthopedic implants, aseptic implant loosening is ascribed to the latter immune reaction
[49]. Contrariwise, successful osseointegration resulting from a subtly balanced FBR
and FBE might render possible to pass on cement with regard to joint replacement [5,
49]. Concerning cardiology, cardiac pacemakers as well as implantable cardioverter
defibrillators are vulnerable to stress cracking of their leads caused by the inflammatory
reaction directed against the implant [116, 118]. Besides, stents as well as valvular
transplants are prone and may occlude. In terms of the latter cardiologic implants, a
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severe FBR impairs the indispensable function and thus might seriously threaten the
concerned patient. As regards endocrinology, implantable sensors, such as glucose
sensors, are used amongst others relating to diabetes [79, 139]. Enduring FBR can
lead to fortified fibrous encapsulation of the sensor averting its destined function [79,
139]. Likewise, within pharmacology the intended purpose of drug delivery systems
may be delimited due to encapsulation. Lastly, as to plastic surgery implants concern-
ing soft tissue, such as mammary implants, are also embedded as a consequence of
the FBR [118]. In case of an aggravated immune reaction, the resultant amplified fi-
brous encapsulation can redound to painful hardening of the implant, furthermore deg-
radation to the point of implant rupture is possible [118].

As pointed out afore, with regard to both dental implants as well as to any other im-
plantable medical device a profound comprehension and engrossed knowledge on the
FBR are essential as to project the interaction of a biomaterial and its receiving host
[79, 116]. Within all ambits, a thorough biomaterial selection adjusted to its intended
use is prerequisite to a favorable outcome [79, 116]. Given deepened insights into the
FBR, immunomodulatory effects of biomaterials can be taken into consideration as
well as sought aiming at circumventing abiding inflammation and enhancing the im-

plant’s functionality as well as longevity [79, 116].

Altogether, the conducted study provides an established protocol to reproducibly as
well as reliably isolate and differentiate human peripheral blood monocytes towards —
if necessary, polarized — MdM [77]. Using these findings, knowledge on the FBR, the
FBE as well as on osseointegration can be engrossed prospectively and potential im-
munomodulatory effects of biomaterials on M® may be studied in vitro [77]. Consecu-
tively, the design and development of immunomodulatory biomaterials can be expe-
dited in order to facilitate healing and osseointegration as well as to circumvent mar-

ginal bone loss and subsequent implant failure [77].
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5 Abstract

The loss of teeth is a remarkable issue predominantly resulting from caries-related
decay, severe periodontitis and trauma concomitant with, amongst others, limitations
upon mastication and phonetics. By reason of their beneficial function and aesthetics
along with promising long-term results, dental implants have evolved into a major ther-
apeutic option. However, peri-implant bone loss constitutes an increasing problem and
can lead up to implant failure, as reliable solution approaches are currently lacking.
Marginal bone loss is ascribed to immune processes in terms of a continuing or recur-
rent foreign body reaction (FBR) in which macrophages (M®) prevail. Efforts to over-
come peri-implant bone loss should therefore strive for the disclosure of the FBR fo-
cusing on M®. Accordingly, this study aimed at the establishment of a protocol to reli-
ably and reproducibly isolate and differentiate human peripheral blood monocytes to
polarized monocyte-derived M® (MdM) to subsequently engross insights into the FBR

and investigate immunomodulatory effects of biomaterials in vitro.

To this, monocytes were isolated from peripheral whole blood of healthy donors by
density gradient centrifugation and subsequent monocyte adhesion. These cells were
then differentiated to MdM using10 ng/ml M® colony stimulating factor (M-CSF) for 6
days. Subsequently, for M1 polarization, MdM were incubated with 50 ng/ml interferon
v (IFNy) and 10 ng/ml lipopolysaccharide (LPS), whereas M2 phenotype was induced
using 20 ng/ml interleukin (IL) 4 and 20 ng/ml IL13 for 2 days. MdM were then light
microscopically characterized as to their morphology. Furthermore, cytokine secretion
using enzyme-linked immunosorbent assay (ELISA), marker expression deploying flow
cytometry and cytoskeletal morphology as well as surface marker expression utilizing
confocal laser scanning microscopy (CLSM) were assessed. As to the implementation
of the established protocol, differentiated MdM adjacently were cultured and polarized
on diverse titanium (Ti) surfaces including Ti-machined (Ti-ma), sandblasted with large
grits and acid-etched titanium (Ti-SLA) as well as Ti-anatase (Ti-Ana) discs and im-
munomodulatory effects were evaluated via cell counting kit (CCK) 8 cell proliferation
assay, ELISA, bicinchoninic acid assay (BCA protein assay) and CLSM.

Resultantly, M1-MdM morphologically exhibit a round phenotype and are reliably char-
acterized by secretion of proinflammatory tumor necrosis factor (TNF) o as well as

expression of chemokine C-C motif receptor (CCR) 7. M2-MdM, in contrast, are rather
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elongated, specifically secrete chemokine C-C motif ligand (CCL) 13 and CCL17 and
exhibit significantly increased levels of cluster of differentiation (CD) 1A and CD209.
As to immunomodulatory effects of diverse titanium surfaces, CCK8 cell proliferation
assay was conducted at first to preclude direct adverse effects of Ti-ma discs, Ti-SLA
discs and Ti-Ana discs on the cultivated MdM. Concerning cytokine secretion, neither
of the surfaces investigated effectuated increased level of TNFa secretion, thus, fore-
closing significant pro-inflammatory influences. CCL13 concentration as marker of the
M2-polarization, on the other hand, was significantly reduced for MO-MdM or M2-MdM
seeded on Ti-Ana discs as compared to coverslips or Ti-ma discs, respectively. Lastly,
cytoskeletal morphology as well as surface marker expression of the MdM cultivated
on Ti-ma discs, Ti-SLA discs and Ti-Ana discs was assessed, neither disclosing dis-
tinct morphologic discrepancies nor revealing significant differences of CCR7 and
CD209 expression. Hence, none of the surfaces investigated exert significantly more

pronounced pro- or anti-inflammatory effects as compared to the residual surfaces.

Accordingly, the established protocol allows for a reproducible preparation and char-
acterization of differentiated and polarized MdM. These cells subsequently render pos-
sible to further delve into the FBR and investigate immunomodulatory effects of bio-

materials in vitro.
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6 Zusammenfassung

Zahnverlust stellt ein erhebliches Problem dar, das vor allem durch Karies, schwere
Parodontitis und Traumata verursacht wird und unter anderem zu Einschrankungen
des Kauens und des Sprechens fiihrt. Aufgrund ihrer vorteilhaften Funktion und As-
thetik sowie ihrer vielversprechenden Langzeitergebnisse haben sich Zahnimplantate
hier zu einer wichtigen Therapieoption entwickelt. Periimplantarer Knochenverlust
stellt jedoch ein zunehmendes Problem dar und kann bis hin zu Implantatversagen
fuhren, weil derzeit zuverlassige Losungsansatze fehlen. Marginaler Knochenverlust
wird auf Immunprozesse im Sinne einer anhaltenden oder wiederkehrenden Fremd-
korperreaktion (FRB) zurtickgeflhrt, bei der auf zellularer Ebene Makrophagen (M®)
vorherrschen. Bemiihungen zur Uberwindung des periimplantdren Knochenverlusts
sollten sich daher auf die FBR mit Schwerpunkt auf M® konzentrieren. Dementspre-
chend strebte diese Studie die Etablierung eines Protokolls zur zuverlassigen und re-
produzierbaren Isolierung und Differenzierung humaner peripherer Blutmonozyten mit
anschlieRender Polarisation hin zu aus Monozyten gewonnenen M® (MdM) an, um
anschlie3end die Kenntnisse uber die FBR zu vertiefen und immunmodulatorische Ein-

flisse von Biomaterialien in vitro zu untersuchen.

Zu diesem Zweck wurden Monozyten aus dem peripheren Vollblut gesunder Spender
mittels Dichtegradientenzentrifugation und anschlieliender Monozytenadhasion iso-
liert. Die letzteren Zellen wurden sodann mittels 10 ng/ml M® koloniestimulierendem
Faktor (M-CSF) fur 6 Tage zu MdM differenziert. Fur die M1-Polarisation wurden die
MdM anschlie3end mit 50 ng/ml Interferon y (IFNy) und 10 ng/ml Lipopolysaccharid
(LPS) inkubiert, wohingegen die M2-Polarisation mittels 20 ng/ml Interleukin (IL) 4 und
20 ng/ml IL13 hervorgerufen wurde. Die MdM wurden anschlie3end lichtmikroskopisch
bezuglich ihrer Morphologie charakterisiert. Des Weiteren wurden die Zytokinsekretion
mittels Enzyme-linked immunosorbent assay (ELISA), die Markerexpression mittels
Durchflusszytometrie sowie die Morphologie des Zytoskeletts und die Oberflachen-
markerexpression mittels konfokaler Laser-Scanning Mikroskopie (CLSM) untersucht.
Zur Implementierung des etablierten Protokolls wurden anschlieiend differenzierte
MdM auf verschiedenen Oberflachen, darunter machiniertes Titan (Ti-ma Disks), sand-
gestrahltes und sauregeaztes Titan (Ti-SLA Disks) und Titan Anatas (Ti-Ana Disks),
ausgesat und polarisiert. Mogliche immunmodulatorische Wirkungen wurden mittels
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Cell Counting Kit (CCK) 8 Zellproliferationsassay, ELISA, Bicinchoninsaure (BCA) As-
say und CLSM uberpruft.

Bezulglich der Charakterisierung zeigen M1-MdM morphologisch einen runden Phano-
typ und sind zuverlassig durch die Sekretion des proinflammatorischen Tumornekro-
sefaktors (TNF) o sowie durch die Expression des Chemokin C-C Motiv Rezeptors
(CCR) 7 gekennzeichnet. M2-MdM hingegen weisen einen eher elongierten Phanotyp
auf, sezernieren spezifisch den Chemokin C-C Motiv Liganden (CCL) 13 und CCL17
und exprimieren Cluster of Differentiation (CD) 1A sowie CD209. Hinsichtlich immun-
modulatorischer Effekte der untersuchten Titanoberflachen wurde zunachst eine di-
rekte negative Auswirkung der Ti-ma Disks, der Ti-SLA Disks sowie der Ti-Ana Disks
auf die ausgesaten MdM mittels CCK8 Zellproliferationsassay ausgeschlossen. Be-
zuglich der Zytokinsekretion bewirkte keine der untersuchten Oberflachen eine Erho-
hung von TNFa, so dass ein signifikanter proinflammatorischer Einfluss ausgeschlos-
sen werden konnte. Die CCL13 Konzentration als Marker der M2-Polarisation war hin-
gegen bei den MO-MdM und den M2-MdM, welche auf Ti-Ana Disks ausgesat wurden,
im Vergleich zu den Coverslips beziehungsweise den Ti-ma Disks signifikant reduziert.
SchlieBlich wurden die Morphologie des Zytoskeletts sowie die Expression von Ober-
flachenmarkern der MdM untersucht. Hierbei ergaben sich weder deutliche morpholo-
gische Abweichungen noch signifikante Unterschiede in der Expression von CCR7 und
CD209 zwischen den Ti-ma Disks, den Ti-SLA Disks und den Ti-Ana Disks, sodass
keine der untersuchten Oberflachen eine signifikant erhohte pro- oder antiinflammato-
rische Wirkung aufweist.

Das etablierte Protokoll ermdglicht folglich die reproduzierbare Gewinnung und Cha-
rakterisierung von differenzierten und polarisierten MdM. Mittels der letzteren Zellen
konnen sodann die Erkenntnisse Uber die FBR vertieft und immunmodulatorische Ef-

fekte von Biomaterialien in vitro untersucht werden.
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